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SUMMARY 
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Aluminium oxide and hydroxide films grown on aluminium sheet 
and evaporated aluminium films were studied using a number of 
technigues. Electron Spectroscopy for Chemical Analysis (ESCA), 
Ellipsometry and a combination of Transmission Electron Microscopy 
TEM, Scanning Transmission Electron Microscopy STEM and Scanning 

Electron microscopy SEM, known as (TEMSCAN). 

For a radiation wavelength of 549 nm the refractive index for 
aluminium hydroxide films less than 80 nm was found to be 
ni = 1,56. = 0.03. For thicker films it was necessary to assume a k 

velue of 0.0009 rather than zero. 

There were discrepancies between aluminium oxide and 
hyéroxide film thicknesses as measured by ESCA, using the ratio of 
chemically shifted and unshifted peaks. This discrepancy is 
explained by assuming that the oxide and hydroxide film grows in 
islands and the height of these islands is greater than the escape 
depth of the electron. The ESCA technique therefore was not 
detecting oxide or hydroxide at the base of the islands. 

Examination of electron transparent specimens after exposure 
to water vapour saturated air (WVSA) at 70° C in the SEM mode, 
revealed reaction sites in the forms of blisters. Zxamination of 
the same area in STEM, only showed the underlying microstructure 
due to the fact that blistering is a surface phenomenon. Electron 
transparent specimens prepared from sheets of aluminium alloy 
(AlSé/Ng) and (Al5:/Zn), exposed to WVSA for 10 minutes were 
examined in TEM, STEM and SEM specimens prepared from sheets 
heated at 350° C and 450° C showed reaction sites along the grain 

boundary surface interface whereas specimens prepared from 550° C 
heated sheets showed randomly distributed reaction sites. Closer 
exemination (in TEM mode) of the grain boundary surface interface 
revealed hydrogen bubbles which could be viewed by their stress 
field contrast. 

Ellipsometry/ESCA/TEMSCAN/Aluminium/Corrosion/.
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CHAPTER 1 

INTRODUCTION 

The occurrence of stress-corrosion susceptibility in Aluminiun- 

zinc-magnesium alloys restrict their widespread use. Much research is 

being carried out on the mechanism of stress-corrosion erackine; G08 

The main objective in the present work was to obtain insight into the 

mechanism. To this end the structure and rate of growth of aluminium 

oxide and aluminium hydroxide films grown on pure aluminium, aluminiun- 

magnesium and aluminium-zine alloys under different conditions were 

studied. 

The reaction of aluminium with water at 70°C produces a duplex 

film consisting of pseudoboehmite, on aluminium oxyhydroxide similar 

to boehmite (A100H) but containing more water and bayerite (A1 (on),), 

Both forms of hydrous oxide have characteristic morphologies, bayerite 

crystals taking the form of pillars or cones and pseudo-boehmite 

appearing as needles when viewed by transmission electron microscopy 

or platelets when viewed by scanning electron microscopy. 

However the reaction of aluminium with water vepour saturated 

air as opposed to liquid water has received little attention. The 

structure of aluminium oxide end aluminium hydroxide films formed at 

low exposures have also received very little attention. These 

experiments can only be carried under ultra-high-vacuum and the 

techniques used should be surface sensitive. The techniques used in 

this present work were in this context, ellipsometry end Electron 

spectroscopy for Chemical Analysis (ESCA). Both these techniques, 

although fundamentally different, can measure the growth of oxide 

or hydroxide films at low exposures. These techniques can also be 

used to study thick films, for this to be possible ion etching is
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necessary in the case of ESCA but not ellipsometry for non absorbing 

films. 

Ellipsometry and ESCA are techniques which over a given area. 

In order to study the effect of underlying microstructure on the 

location of reaction, use was made of a new microscope which combines 

transmission electron microscopy (CTEM) scanning transmission electron 

microscopy (STEM) and scanning electron microscopy. TEMSCAN JEM 100C 

is one such microscope. The important feature of this type of 

microscope is that comparison of precisely located areas in the 

(STEM) and (SEM) modes allows direct correlation of surface features 

with underlying microstructure Obviously such a technique is limited 

to electron-transparent specimens, but the secondary electron 

detector can be used to examine surfaces at high resolution. 

By using a combination of the above techniques for surface 

investigation it was hoped to elucidate mechanism and structure of 

corrosive layers in the early stages of growth. 

1.1 Ellipsometry 

Interest in the optical study of surface films is not a recent 

phenomen*? There are many optical techniques available for 

measuring various parameters, e.g. the use of multiple beam 

interferometry developed by Tolanski ‘®), Knowing the thickness one 

could determine the optical constants by measuring the intensities 

of the light transmitted and reflected from both sides of the film 

as proposed by Mormenn ae It is desirable to measure n, k and t 

simultaneously because thin films can differ in density from bulk 

material so that a separate measurement of geometric thickness may 

not correspond to the thickness. These and other optical techniques 

(10) 
are summarised and discussed by Heavens . 

The optical technique used in the present work was ellipsometry
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which involves the measurement of the change in the state of 

polarisation of a beam of light after reflection. The incident 

polarised light can be resolved into components parallel and 

perpendicular to the plane of incidence and one usually denoted by 

r. and r., are reflection coefficients respectively. In the case of 

a clean surface these coefficients can be derived from the electro- 

magnetic theory in terms of refractive index and angle of incidence. 

The foundations of ellipsometry were laid at the end of the 

aie Drude derived the last century by Rayleigh and Drude 

fundamental equation of ellipsometry from Maxw.ll's equations with 

suitable boundary conditions but was unable to solve the equation 

explicitly for n, k and t but obtained approximate solutions for 

films of thickness small compared to the wavelength of light used. 

Although the optical properties of metals were studied by 

means of reflectivity measurement few specific references to the use 

of ellipsometry were made in succeeding years, probably because of 

the development of other methods of determinations of film thickness. 

The first detailed experimental work using the Drude technique 

(13-15) was by Tronstad who investigated the chemically-produced 

passivity of iron and steel mirrors. Tr nstad also investigated the 

optical constants of a mercury surface which he used as a standard 

surface for the calibration and adjustment of the ellipsometer. 

Since it was found to give more reproducible results than any 

surface produced by mechanical polishing. 

Lebernight and Tuetmen® 16) investigated the oxidation of iron 

and nickel and verified Drude's equations for thinner films. Until 

about 1940 the instruments used were often normal spectrometers, 

modified to carry polarising and analysing prisms and a quarter were 

plate. Detection was by eye using half-shade devices. The 

introduction of photomultiplier detection made possible great
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improvements in sensitivity and accuracy, and also enabled 

measurements to be made over a wider range of wavelengths. 

(17) (18) 
Rother and later Rothen and Hanson were responsible for 

the term "ellipsometry". They developed the technique of calibration 

of an ellipsometer using a surface coated with a known number of 

barium stearate monolayers. 

(19) 
In 1955, in the extensive review by Winterbottom results of 

optical constants for bulk metals were presented for the visible 

region of spectrum. The development of polarising devices for the 

infra-red region of the spectrum made possible the development by 

Beattie (20) of an ellipsometric technique for studying metals using 

radiation extending to 12 microns wavelength. Although there were 

serious theoretical limitations on the accuracy of such 

measurements as shown by Beattie and Conn. Infra-red measurements 

on metals are extremely important in order to assess the validity of 

the Drude-Zener theory. 

Hayfield and white 2”) adopted the ideas initiated by Beattie 

and Conn, in a study of corrosion and oxidation in metals. But in 

this work the compensator method, for the visible wavelengths, of 

MeCrackin was adopted. The instrument is comparatively simple and 

inexpensive and used in conjunction with an ultra-high vacuum system. 

Work on the general technique of ellipsometry was continued by 

(22) McCrackin et al. Who reviewed the procedure for alignment and 

(23) 
calculation of results, and by Archer who made extensive studies 

of silicon surfaces using the exact theoretical equations. 

More recent developments have lead to some sophisticated 

instruments employing the Faraday effect. This idea was developed 

by Gilham(?"), 

The 'magneto-optic' or 'Faraday' effect is observable as a 

rotation of the plane of polarisation when light passes through a
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dielectric in the presence of a magnetic field. Gilham employed 

lead-zine borate glass in the form of cylindrical rods 10cm in length 

overwound with a copper coil carrying an alternating current of 1 amp 

at 50 ED with this arrangement the plane of polarisation was arranged 

to oscillate at 50 Eq, through 6 degrees. when this light passed 

through the analyser prism on to the photomultiplier, an 

alternating intensity of light was received, resulting in a convenient 

output signal. 

Several instruments have been developed on the basic design of 

Gilham, for example that of Bevard\¢7) which as well as accurate 

mechanical parts and Glan-Foucoult prism polarisers, employed a 

detection system using two Faraday cells, M and C, as shown in 

Figure 1. The first cell is fed with a constant alternating current 

signal of frequency f, which causes the plane of polarisation to 

oscillate at the same frequency f. The light then passes through the 

second cell C and an analysing prism A on to a photomultiplier. The 

photomultiplier produces an asymmetrical signal which has a basic 

2f component with an f component superimposed. An electronic analysis 

unit detects the f component and feeds into the compensator cell C 

a suitable current to reduce the f component to zero. The value of 

this current is proportional to the angular difference between the 

actual analyser azimuth and the azimuth at which it would be 

‘crossed' with respect to the incoming polarised light. In this 

way, the analyser can be set accurately to +5 seconds of angle. 

1.1.1 Automatic Ellipsometers 

Although automatic ellipsometers have been used prior to 1969 

Cahan and Spanier ‘26) gave a very good description of a high speed 

automatic instrument. Since the early work with increasing 

interest in measuring reaction rates and following film growth with
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increasing speed and accuracy, there heve been reports of many 

modifications. One such is that of modulated ellipsometry by 

(27) dasperson, Burge and O'Handley for studying thin layer optical 

properties and surface dynamics and by Cahan, Horkans and Yeager'@°) 

who studied the electrode-electrolyte interface with platinum and 

gold electrodes. 

In modulated ellipsometry, quantities related to the parameters 

y and A are extracted simultaneously by synchronous detection of 

reflected light intensities in two freauency channels. Signal 

processing is completed by an on-line computer which samples the 

data at a repetition rate of approximately one a second. Once the 

optical system is aligned all elements remain rigidly in place so 

that precision and stability are high. For y and A precision of 

the order of 0,001° and stability of the order of 0.01° over a 

period of one hour can be achieved. 

During the last two or three years interest in automatic 

instruments has still further increased. Muller and Nathiew'??) 

outlined a series of tests for checking the fine characteristic 

parameters of automatic ellipsometers which they felt were appropriate. 

More recently ruiter 20) has given a further comprehensive 

report on the classification of different types of automatic 

ellipsometers into compensating and non-compensating instruments and 

compare their performances. 

1.1.2 Ellipsometry as a technique complementary to other techniques 

for surface examination 

Where there is a need for examination of surfaces or surface 

layers, there is a whole array of techniques such as low energy 

electron diffraction, Auger electron spectroscopy, electron 

spectroscopy for chemical analysis, field emission microscopy and



ellipsometry. To some extent the method is badly named in that the 

word ‘ellipsometry' does not indicate the function as do the names 

3 
given to many other techniques. neal?) 2s recently suggested more 

appropriate names, such as optical surface spectrometer (0.S.S.) or 

surface optical spectrometer (S.0.S.). However, Ellipsometry has 

been used as a complementary technique, an interesting application 

of combined ellipsometric and Auger electron spectrometry techniques 

(32), have been made by Allen Simultaneous studies were made on the 

elemental chemical composition and optical properties of clean and 

contaminated aluminium surfaces under vacuum. Another example of 

the application of the complementary techniques of Auger spectroscopy 

and ellipsometry was demonstrated in the work of Chou, Van der 

Nuelen, Hammer and cani11 33), 

Latham and Bren‘34) have used ellipsometry both to characterise 

the surfaces and to study the influence of surface oxidation on 

charge reversal on microspheres which occurs during a rebounding 

impact with negatively charged copper and stainless steel electrodes. 

This is also the aim in this work to use ellipsometry, as a 

complementary technique, in conjunction with Electron spectroscopy 

for chemical analysis ESCA. 

1.2 Electron spectroscopy for Chemical Analysis (ESCA) 

The technique is based on a magnetic or electrical analysis of 

high resolution of the electrons which are emitted from a substance 

on irradiation with X-rays. The technique reproduces directly the 

electronic level structure, from the innermost shells to the atomic 

surface. All elements from Lithium to the heaviest ones can be 

studied even if the element occurs together with several other 

elements and represents only a small part of the chemical compound. 

Shifts of inner levels due to chemical structure effects ere
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characteristic features, and ESCA provides information on the chemical 

bonding in elements. 

From the turn of this century to the middle of the nineteen 

thirties some research workers, Robinson and de Broglie (29-25), have 

investigated the energy distribution of electrons in various elements 

irradiated with X-rays Only few further attempts have been made to 

extend the early works of Robinson and de Broglie, but these 

experiments meet with limited success. 

The different ways of using X-rays for gaining information on 

atomic structure are illustrated in Figure 2. A specimen is 

irradiated with X-rays. The upper branch is the X-ray fluorescence 

and X-ray absorption spectroscopy. The lower branch represents 

electron spectroscopy as the alternative source of information. There 

were many problems to solve, for example, the electrons adsorption in 

the material will destroy any precise information originally contained 

in the spectrum. This is because the energy and the intensity of 

electrons produced inside the material by the X-radiation would be 

expected to diminish considerably on their way out. The early studies 

in fact confirmeé this general behaviour and the difficulty of 

getting precise energy limited electron spectroscopy as a competitor 

to X-ray spectroscopy. 

In 1951 Kai Siegbahn started a research programme aimed at the 

very high resolution study of the energy spectrum of electrons 

expelled by X-rays. There were two main problems to be solved. The 

first is the problem of shaping the magnetic field according to the 

7: a form required for double focussing. Fortunately, it was found 

that the same field would be obtained over a limited region if coil 

arrangement consisting of two co-axial coils of special 

(40-42) 
dimensions The second problem was to obtain an efficient 

geometry for the X-ray tube and in addition high transmission and
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large dispersion of the electron spectrometer were needed. 

Compensation has to be made for all external magnetic fields 

including the earth's field. It took three years to build and test 

the first iron-free double focussing magnetic spectrometer. The 

electrons used were obtained from radioactive sources. That is the 

reason why the first part of the work, described in a paver a?) was 

entitled "Beta ray spectroscopy in the precision range". 

In 1954 the first instrument was ready and attempts were made 

to record at high resolution photoelectron spectra produced by X-rays. 

A new observation then changed the course of the future development 

of the method. This was the appearance of a very sharp line which 

could be resolved from the edge of each electron line. 

A more detailed study of a photoelectron line obtained with the 

ESCA method showed that it consisted of the principal line together 

with a more or less continuous energy distribution immediately to the 

left of the line and with the resolution now obtainable this can be 

distinguished from the principal line by an intensity minimum. This 

minimum occurs because electrons passing through the specimen can 

only lose energy in certain discreet amounts, a phenomenon which had 

(43) 
been observed earlier in another connection but had not previously 

been observed in connection with ESCA work. The discreet energy 

losses are due to so called plasmon excitations of the electron plasma 

in the specimen. ollective electron vibrations in the plasma plus 

ionisation, and excitation in interband transitions. In ESCA only 

the following factors contribute to the line width. 

(1) The natural width of the incident X-ray line. 

(2) The width of the atomic level from which electrons are 

ejected. 

(44) 
(3) The aberration of the spectrometer .
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The choice of anode material is dependent on the binding energy 

of the particular atomic shell studied. In majority of cases one 

should use anode material from the light elements exception would be 

those cases where inner levels of higher % elements are being studied. 

In the present work, Magnesium was chosen as the anode material. There 

are number of advantages in useing soft X-radiation. 

(1) The inherent widths of the levels of light elements are 

smaller, so that they contribute less to the line 

width of the resulting electron line. 

(2) The energy of the electron is lower which means a high 

resolution on an absolute scale. 

The electron lines produced by softer X-rays completely extended over 

the low energy region. In fact, the resulting electron spectra look 

very similar to the line spectra obtained in, for example, X-ray 

emission spectroscopy. 

During the ten years of development following the resolution and 

recording of the first ESCA spectra a large body of data on the 

electron binding energies of most elements from lithium to plutonium 

has been accumulated and systematised. It has been found that, 

accuracy of the binding energies is consistently higher than that 

offered by the X-ray absorption method. In order to obtain electron 

spectra from the inner levels of heavier elements, one must use anode 

materials of higher % values like molybdenum and tungsten. If one 

uses the lighter elements like sodium, magnesium or aluminium as 

anodes, ne finds that ESCA can be used to study the band structure 

in metals and alloys more effectively. 

4s an analytical method, ESCA can be applied over the whole 

periodic system. For the light elements, like carbon, nitrogen and 

oxygen ESCA gives excellent signals. The sensitivity of ESCA is high.
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Only a very thin surface layer of around 5 nm of the sample is utilized 

for the analysis. 

Photoelectrons emitted from atoms further down, deeper into the 

material, lose energy and are therefore removed from the electron line 

spectra. Gases adsorbed on the surface of a foil yield spectra of 

good intensity. 

Oxide films formed at the surface of most metals are seen in 

ESCA spectra, both as an oxygen line and as a shifted line situated 

near the line from the unoxidized metal. ESCA can be used to 

examine materials which are normally liquid or gaseous, if they 

are first solidified by freezing. 

1.3 Electron microscopy 

Electron microscopes are finding increasing application at all 

levels of science and technology. A wide range of instruments are 

now available and these are enabling physicists, metallurgists and 

crystallographers to work together in solving problems not only of 

atomic structure but of chemical composition and surface 

morphology. a0) . 

The rapid development of integrated circuits and the evolution 

of computers have provided a powerful tool for electron microscopists 

in handling the vast amount of data that can now be extracted from 

(62-66) @ modern electron microscope In view of these new technologies 

the design of the electron microscope has and is undergoing radical 

change. New instruments, such as the scanning transmission electron 

microscope (STEM), and the manner in which its image is formed have 

g667-69) | 
been reexamine: The basic assumptions behind the theory of 

image formation has in turn, led designers to realize more clearly 

the limitations of traditional instruments. In many cases the 

limitations are placed by the state of technology. As the technology 

improves, new possibilities are opened up for the microscopy and
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micro-analysis of specimens. It is not possible to assess the 

relative merits of the TEM and STEM because neither instrument has, 

reached the limit of technological perfection. The strong 

competition, both commercial and scientific between these two 

instruments, have resulted in designs which try to combine the best 

features of both instruments. JEOL 100C TEMSCAN electron microscope 

is one of these instruments which combines TEM and STEM. To buy one 

of these instruments is an expensive undertaking and in the 

particular circumstances of an individual laboratory it may be 

necessary to decide in advance what are the important points that are 

required of the microscope and to accept compromise in areas of less 

importance. 

1.3561 Scenning electron microscopes 

Scanning electron microscopes (SEM) were first introduced into 

the market a decade ago and they have probably already exceeded the 

total number of TEM installations in materials laboratories 

throughout the world. The current SEM output, in terms of 

conference and journal publications, textbooks, substantially exceeds 

that based on TEM. In its present form SEM is a sophisticated 

instrument, easy to operate useful for fractograph work, microanalysis, 

and more recently, crystallographic studies and image analysis. 

The recent development of the combined TEM and STEM + SEM 

systems has been an important development. The higher brightness gun 

and better lens design of TEM, combined with the bean focussing and 

superior image processing facilities of SEM result in a number of 

advantages over both individual SEM and TEM instruments while 

retaining few of their disadvantages. JEM 100C electron microscope 

is one such instrument which combines TEM, STEM and SEM systems. In 

studies of Aluminium oxide and Aluminium hydroxide films all three 

systems were used.
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CHAPTER 2 

  

SURVEY OF THE PUBLISHED LITERA 

2.1 The oxidation of metals 

2.1.1 The initial stages of oxidation: Adsorption 

The interaction of gases with metal surfaces may be classified 

in terms of physical adsorption, chemisorption, solution or bulk 

(70) 

(72) 

compound formation. Review articles (Hayward 1971 

(71) 

» Culver and 

Tompkins 1959 and a number of books (Bond 1962 » Hayward and 

Trapnell 1964673) have discussed in detail the theories and 

experimental data on adsorption. If chemisorption experiments are 

to produce meaningful results clean surfaces are essential. Because 

of the problem of producing clean surface much of the data in the 

literature is difficult to cntersres ds 

\ the interaction of oxygen with metal surface the rate at 

which the molecules strike the unit surface being given by kinetic 

theory as 

P/(2m mkt)? 

where P is the gas pressure 

m the mass of the gas molecule 

k the Boltzmann constant 

T the absolute temperature 

A monolayer of absorbed gas forms on the surface in one second at 

room temperature for a gas pressure of rove torr if we assumed the 

adherence probability is unity. 

Distinction between physical adsorption and chemisorption is 

not always possible.\/hen adsorption takes place there is a decrease
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in free energy and since entropy decreases because of the loss of 

degrees of freedom, the heat of adsorption has to decrease and 

adsorption is always exothermic. To distinguish between physical 

adsorption and chemisorption, measurements of heats of adsorption 

have been used because in the case of physical adsorption valves are 

low ( 10k cal mole”) and higher for chemisorption, but in many 

cases the heat of chemisorption may be quite low (Hayward and Trapnell 

196473) ) so it is not always possible to distinguish between the two 

types of adsorption. It was usually considered that chemisorption 

required activation energy, but it has now been shown that, in many 

cases, chemisorption may occur in the absence of an activation 

barrier (Ehrlich 1965°7), 

when chemisorption takes place (chemical reaction) there is a 

rearrangement of valence electrons of the metal and the gas. Even 

though chemical reactions at surfaces have been studied extensively, 

the mechanism of such interactions is still not well understood 

(72)) llustrated the interaction of a (Culver and Tompkins 1959 

bimolecular molecule such as Ey or 05 with a metal surface by a 

potential energy diagram shown in Figure 3. Curve (1) represents 

the potential energy of the molecule as it is attracted to the 

surface by long-range forces, Curve II represents the potential 

energy curve for a molecule which was dissociated into atoms prior 

to chemisorption. Curve I may intersect Curve II at a point either 

above or below the zero of potential energy depending on the 

particular gas-metal combination. If point P is above zero an 

energy E, will be required for the molecule to switch to Curve II 

and become chemisorbed "f the intersection point P is below the zero, 

chemisorption becomes non-activated. 

Incorporation of oxygen has been studied by some works, 

(Roberts and wells 1966, (76-78) \Giuber and Kirk 1966(79) in an
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attempt to understand the nature of adsorbed layers of oxygen on metal 

surfaces. The technique they used was the measurement of changes in 

work function. Culver and Tompkins (1959) have shown that the change 

in work function Ag on adsorption is given by: 

Ag = 4 nzrem 

where n, is the number of adsorption sites per en® of surface 

@ is the fractional coverage of the surface by adsorbate 

m is the dipolemoment. 

If there is an increase of Af, which meansa decrease in 

surface potential. This is a measure of the magnitude of the 

negative charge at the adsorbed layer-gas interface. This technique 

should give a good indication of what happens to the oxygen on the 

surface, whether the absorbed oxygen remains on the surface as ions 

or is converted to oxide, but in practice, the extreme sensitivity 

of work function to surface contamination, crystallographic 

orientation and general heterogeneities have led to considerable 

controversy regarding the interpretation of results. 

Some metals, like aluminium show an uptake of oxygen at room 

temperature which is much greater than the monolayer value and heats 

of adsorption that are comparable with the bulk heats of formation 

of the excess”) . A large amount of data on the structure of metal 

after exposure to low oxygen pressures is now available, primarily 

from low energy electron diffraction (LEED) investigation, but also 

from high energy electron diffraction (HEED). The interpretation 

of the data is the subject of much controversy in the literature 

(81-84) ) u (Germer, Bauer A chemisorbed layer may be pictorially 

represented either in terms of a classical model in which the 

adsorbed ions are located at potential minima on the surface of
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the metal with a minimum amount of displacement of the metal atoms, or 

in terms of a reconstruction or rearrangement model in which the 

surface layer consists of both metal ions and oxygen ions. 

The reconstruction is a necessary step in the ultimate development 

of a three-dimensional oxide even though the first stage may be the 

development of two-dimensional ‘oxide' structures which bear little 

direct relationship to the three-dimensional structures. In order to 

explain the upteke of a second monolayer of oxygen, lanyson and 

repnei1 2) suggested a mechanism of interchange of adsorbed oxygen 

atoms with underlying metal atoms, this mechanism is commonly 

called 'place exchange'. Several different mechanisms are possible 

depending on whether the surface is perfect or contains defects. 

The two possible mechanisms are illustrated in Figure 4a. 

In this model it is assumed that oxygen is in the gas phase, 

and that the liberation of the heat of chemisorption of the oxygen 

molecule assists the exchange. 

vay'86) has suggested another model for surface reconstruction 

in which place exchange provides one possible mechanism. In this 

model a part of the heat of chemisorption is available to form 

excited oxide molecules - with high kinetic energy parallel to the 

surface. This energy can provide transport of metal atoms over 

considerable distances on a smooth surface. Two possible mechanisms 

are illustrated in Figure 4b. A place-exchange mechanism leads to 

the formation of an excited molecule which can move along the 

surface to contribute to the formation of islands of reconstructed 

structure. 

2.1.2 Oxygen solubility in metals 

The solubility of oxygen in various solid metals varies 

markedly from very small mounts to 20-30%. It has been shown that
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even small amounts of dissolved oxygen play an important role in the 

(87-88) 
early stages of oxidation The solubility of oxygen in a metal 

varies greatly with temperature and the available data have been 

collected and summarized by Hansen and Bacereo, 2 Reports of oxygen 

solubility show lack of agreement and no data is available at 

relatively low temperatures (room temperature). The available 

(90) | 
diffusion data have been discussed by Kofstad 

2.1.3 The formation of oxide films 

when a thin continuous film of oxide has been formed on a metal 

surface. The metal and gaseous reactants are separated by a barrier 

and the reaction can continue only if cations, anions or both and 

electrons diffuse through the oxide layer. The rate which determines 

the oxidation reaction may be mass or charge transport through the 

ne, 
oxide layer. This is shown in Figure 4 large number of 

theories and models have been proposed to explain the formation of 

thin oxide films. Some of the mechanisms proposed include quantum 

(92), cation diffusion in a 

(93-94) ) ; 

mechanical tunnelling of electrons (Mott 

large space charge field (Cabrera and Mott place exchange 

(Eley and ilcinson 9), vhese try to explain the various forms of 

the logarithmic law. All these mechanisms and others have been 

(96) 
discussed in a recent review by Lawless 

2.1.4 Chemisorption on oxide films 

when an oxide film is present on the surface of a metal, the 

chemical reaction between the solid and a gas is initiated by 

chemisorption of the gas on the oxide. Since most oxides are 

(92) | the process of chemisorption is generally very semiconductors 

complex and must be treated as a three-dimensional process 

(Vo1'Kenshtein'97?) Chemisorption will generally be influenced by 

the presence of lattice defects, the distribution of electrons and
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holes, as well as electron traps in and near the surface of the oxide. 

Since the oxygen molecule has an attraction for electrons, it is 

natural to expect oxygen to be adsorbed as negative ions. There is 

considerable speculation as to whether the adsorbed ions are Oo, ae 

or 05+ Barry and stone‘ 

prevalent at room temperature, but for higher temperature 100°C to 

suggested that either Oo or oS are 

400°C 07° predominated. 

As more oxygen atoms are adsorbed, more electrons must be 

transferred and these must come from deeper levels in the oxide. This 

process causes the build-up of a space charge boundary layer and the 

development of a potential. The space-charge-layer theory of 

chemisorption has been discussed in detail by Hauffe and enpet 

2.1.5 Theory of Fehlner_ and Mott 

Low temperature oxidation, room temperature has been discussed 

intensively by Fehlner and vote (70), An evaluation of Cabrera-Mott 

(1948-49) 6%) theory is given by Lawless and modifications suggested 

in the light of recent experimental results. The low temperature 

oxidation is considered to go through a period of fast, linear 

oxidation followed by a slow logarithmic reaction, which may under 

certain conditions be followed by a rate increase and a second 

logarithmic stage. The initial linear oxidation is considered as a 

continuation of the chemisorption process by a place exchange 

mechanism. 

Once a stable oxide has formed, it is assumed that oxygen ions 

formed on the surface by dissociation of oxygen molecules and capture 

of tunnelling electrons are partially incorporated in the oxide 

surface. A potential is thus set up across the film which provides 

a driving force for continued oxidation. The field created across 

the oxide lowers the potential barriers to ion migrations which
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exist for anions at the oxide-oxygen interface and for cations at the 

metal-oxide interface. Fehlner and Mott differ from Cabrera and Mott, 

in that they consider anion as well as cation migration. The basic 

assumptions in the theory for the case of cation migration are the 

same as those used by Cabrera and Mott, but for the case of anion 

migration it is necessary to replace the assumption of a constant 

potential across the oxide by that of a constant field. 

The assumption that very thin oxide films, formed by exposure 

of a metal surface to gaseous oxygen, are amorphous is certainly too 

general, even for low temperature oxidation. The experimental 

determination of the structure of very thin oxide films is rather 

a@ifficult and reliable data is rare in the literature. Beck et ance) 

have shown that low temperature oxide, room temperature, films on 

aluminium are amorphous. Additional data on the detailed structure 

of thin oxide films is badly needed since the transport of ions through 

such thin films is critical for the oxidation process. 

The evidence used by Fehlner and Mott for the importance of 

anion migration in low temperature oxide films is primarily from 

(103), 
studies of anodic oxidation in aqueous solution (Davies et al 

ca) have pointed out, that the defect structures of Heine and Pryor 

anodic and thermal oxide films are quite different. Pryor has 

criticized the theory, on the basis that it is by no means universally 

accepted that anionic transport is important, even for films formed 

in aqueous solutions. 

There is not enough data to evaluate the effects of 

erystallographic orientation. Hart (109) has reported no orientation 

Gependence for the low temperature oxidation of aluminium. The 

effect of oxygen pressure in the low temperature oxidation is not 

(106) 
very well understood. Rhodin found no pressure dependence, but 

(107) 
Krishnamoorthy and Sircar found the rate to be pressure
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(7 7. 
dependent. Kirk and Huber found low temperature oxidation for 

aluminium to be pressure dependent. 

2.2 The Aluminium-water system: Hydroxide film 

When aluminium reacts, an electrochemical process provides the 

driving force for film growth. The anodic and cathodic half-cell 

reactions can be Meivten 

3H,0 41(08) 3 

Anodic A1 + 2H,0 —- A100H + 3H + 3e 

3 HO 11,0 s 2 523 

Cathodic 3H,0 + 3e = 2 H, + 30H” 

According to Alwitt the anodic reaction takes place over almost the 

full surface with the cathodic reaction occurring only at 

impurities and grain boundaries. Vedder and Vermilyea© 22), 

Films formed at less that go°c have a Guplex structure, with an 

outer layer of bayerite crystals on an inner layer of pseudo-= 

poehmite. Bayerite is consistently present below 70°C, part (10) | 

ite trey, » and Kawasaki 

Film growth proceeds in three stages. At first little change 

in the initial surface can be observed, Vedder and Vermilyea refer 

to this as the induction period. The second stage is the formation 

of the pseudobochmite layer and the final stage is crystallization 

of bayerite. Alwitt suggests that the last two stages may overlap. 

2.2.1 Pseudoboehmite layer 

Hart has shown that the pseudoboehmite crystallites increase in 

size from about 2nm to several hundred nm at the start of growth. 

The low temperature, below 90°, pseudoboehmite is preferentially
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orientated so that the hydrogenbond channels of the boehmite structure 

are perpendicular to the surface mre 

There are important differences between the films formed at high 

and low temperatures. The low temperature films are more porous and 

the porosity decreases with increasing thickness. The other 

difference is low-temperature film is brittle. Ferhaps the most 

significant difference between the two films is the distribution of 

porosity within the film. This may be associated with the poorer 

crystallinity of the low-temperature films. 

2.2.3 Bayerite Crystal layer 

Eeieb es) reports, bayerite crystals are observed on the 

surface while the pseudoboehmite layer is still growing. Crystal 

nucleation and growth continues until the surface is completely 

covered. The pseudoboehmite rapidly reaches a limiting thickness 

and maintains that thickness throughout subsequent bayerite 

erystallization. 

The bayerite crystals are not embedded in the surface nor 

joined to the pseudoboehmite crystals. They are easily removed by 

mechanical means or with adhesive tape. The cones and somatoids are 

the shapes most commonly reported for bayerite, but these 

apparently grow into cylinders. 

2.3 Oxidation in humid oxygen atmospheres 

76113) 5 7 : ; ; : 
In 1948 Podgurski investigated oxidation in humid oxygen, 

but he could not obtain consistent results. Morize and Tacance aia. 

studied the oxidation of electropolished aluminium in both dry and 

humid air at room temperature by measuring solution potentials. 

They found that films are formed appreciably thicker in humid air 

than in dry air. The oxidation rate was also found to increase with 

increasing humidity. The important feature of Morize and Lacombe's,
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graphs on oxidation, is that even after very long exposures the 

curves still slope gently upwards. From this it is evident that film 

growth does not come virtually to a stop as indicated by the results 

of Podgurski. Hass‘ 179) reported that the film formed on aluminium in 

air at room temperature quickly thickens to about 2 nm. However it 

Goes not stop here but continues at a very much reduced rate until 

a thickness of about 5 nm is reached after one month's exposure. These 

experiments were carried out in ordinary air, which no doubt 

contained some water vapour, on the other hand, the experiments of 

(116) 
Cabrera and co-workers were carried out in dried air and also 

humid air. In dry air a film thickness of 1.5 nm was rapidly reached 

increasing to about 2 nm after 25 days. The final growth rate was 

©.2 to 0.3 nm/month. Cabrera also found that water vapour had a 

considerable effect on the growth rate and also that the oxidation 

rate is a function of the water-vapour pressure. Specimens which had 

been oxidized 10 hours in saturated air at 10°C were 4.0 nm thick. 

2-4 Chemisorption of water vapour on clean surfaces (Vacuum) 

Previous investigators, Hackerman, Wistenhagen, Grunberg, Fianda 

(117-123) 
and Muller, of aluminium interaction with water vapour did 

not have the benefit of ultra-high vacuum systems therefore fresh 

films were deposited at pressures in excess of 1 x 4076 torr. A 

monolayer of a gas with a sticking coefficient of unity can form in 

less than two seconds at these pressures and hence these earlier 

studies are particularly subject to contamination effects which could 

not be taken into account. 

Huber and Kirk( 124) were one of the first workers to evaporate 

aluminium in ultra-high-vacuum, and followed the adsorption of water 

vapour by granvimetric and work function measurements. Their study 

was made at room temperature and its purpose was to show that water
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contamination could cause the lowered work functions obtained by other 

authors for the oxygen-aluminium system. They showed that exposure of 

a fresh aluminium film to water vapour at 25°C caused the work 

function to decrease by 1.1 eV after an exposure of about 5 x 10°? 

torr-min. It then remained constant. 

Batt and vee‘ 129) obtained similar results with photoelectric 

work function measurements on evaporated aluminium films. In 

addition, they found that with much larger exposures the work function 

dropped further to a minimum value of about 1.4 eV below the clean 

metal work function and then increased by about 0.5 eV. 

Huber and REA aie found that water vapour lowered the work 

function of both the fresh surface and an oxygen exposed surface by 

1 eV. The 1 eV lowering is consistent with the polar nature of 

water, assuming either 0 or OH groups chemisorbed on the metal 

oxide surface with the hydrogen outward. Their microbalance and work 

function data indicated that water initially reacts with a fresh 

metal surface to produce a monolayer of oxide before forming the 

hyd@rogen outward dipole layer. 

Fort and ene studied the reaction of water vapour on 

clean aluminium by measurement of work function changes. In their 

experiment clean surfaces were produced on bulk aluminium samples by 

a cutting procedure inside an ultra-high vacuum system. They 

reproduced 'Huber and Kirk's results and also found the amount of 

adsorption at equilibrium to be independent of pressure in the 

range from 4077 to 4078 torr. The temperature dependence of the 

adsorption of water on aluminium was contrary to Langmuir's classical 

theory for chemisorption. According to langmuir's classical theory 

the rate of chemisorption is determined by the rate at which molecules 

from the gas phase have favourable collisions with vacant sites on 

the metal surface. Thus the rate should decrease as the surface is
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covered instead of remaining constant. Huber and Kirk also studied 

the reaction of water vapour at higher pressures and found that, as 

the water vapour was slowly let in to 4.56 torr the change of work 

function difference first decreased from its equilibrium value of 

- 1.19 to a minimum value of - 1.425 eV and then began to rise. 

These higher pressure results are very similar to those obtained by 

Batt and yeas =o y on evaporated aluminium films. Fuggle et al 

have also examined the reaction of aluminium films with water vapour. 

The technique they used was X-ray photoelectron spectroscopy Qs) 

or ESCA. Their results indicated that aluminium formed oxidised 

layers with water vapour and oxygen. They observed an initial high 

sticking coefficient which reached a maximum when the oxidized layer 

(128) did not was approximately 60% complete. Krueger and Pollack 

observe the initial high sticking coefficient. This may be due to 

the probability that samples were not completely clean. With the 

exception of this initial region there was qualitative agreement 

between the results. 

Fuggle et al tried to measure the ratio of oxide to hydroxide 

after 10°? torr sec. exposure to water vapour, but found it difficult 

to reproduce. The ratio varied from 6:1 to 10:1. However, they 

concluded that 90% of the available hydrogen was lost from the 

oxidised surface compared with not more than 60% in the similar 

experiments of Krueger and Pollack. Eley and wilkinson‘ 129) found 

that approximately 70% of the available hydrogen was liberated. 

Their studies were done in a low vacuum and the measurements 

probably start close to the stage where Fuggle et al finish in terms 

of exposure. The results suggest that initially almost all of the 

hydrogen is lost, but during later stages of reaction more hydroxide, 

or hydrated oxide is formed.
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2.5 The Hydrogen Problem 

wher aluminium reacts with a humid oxygen environment, at 

temperature less than 90°C, the reaction produces bayerite, 

pseudoboehmite and also hydrogen. «hat happens to hydrogen is of 

great importance because it can produce degradation of mechanical 

properties of many alloys and elements. There are many ways by which 

hydrogen can produce degradation and one is by hydrogen embrittlement, 

(Bernstin, veLright (1201721), 

The fundamental understanding of hydrogen embrittlement and of 

the associated areas of hydrogen diffusion and solubility including 

interaction with defects, is advancing. However, much controversy 

remains for embrittlement mechanism where some completely opposing 

models are still being supported. 

There are phenomenological differences in Hydrogen Embrittlement 

depending on whether the source of the hydrogen is internal or 

external. In some cases dramatic differences are observed in the 

response of a material to internal and external hydrogen. For 

example, some alloys (Rene 41 and Inconel 718) are embrittled by 

(152) put are unaffected high pressure external hydrogen, Jewett et al 

under loading after rather severe electrolytic charging (Groenevelt 

and Fletcher’), It is difficult to be certain where different 

embrittlement mechanisms are operative. 

The role of hydrogen, in HydrogenEmbrittlement, is that it 

influences the atomic bond breaking at the tip of a crack and hence 

can be related to effects on the interatomic cohesive force. This 

(134) concept was introduced by Troiano and is the basis of a theory by 

(135), Oriani 

Much research is being carried out on the mechanism of Hydrogen 

(S$) 
Embrittlement. The results obtained by Scaman, Montgrain and Swann 

on A1-2n-Mg alloys show hydrogen penetration of grain boundaries
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resulting in a loss of grain-boundary adhesive strength. Since it is 

important to establish the form and morphology of the hydrogen on the 

boundary, Scaman has demonstrated that high-pressure hydrogen-filled 

bubbles can be formed on grain boundaries. These bubbles were formed 

by the combined effect of a changed state of elastic stress in the 

thin foil specimen and electron beam heating rapidly results in bubble 

formation. Scaman has observed that, molecular hydrogen within the 

bubble generates a significant stress to exceed the yield stress of 

the surrounding matrix and this leads to the generation and 

propagation of dislocations. 

For a hydrogen bubble to be formed it is necessary that the 

chemisorbed hydrogen be recombined to form molecular hydrogen. From 

Scamans work, the activation barrier for this process must clearly 

be small because of the ease of bubble formation under the 

stimulation.of a 120 kV electron beam, because of the bubble 

association with the grain-boundaries. The grain-boundary chemical 

composition is very important. The role of grain-boundary 

precipitates is also of interest. Again Scaman has demonstrated 

that the hydrogen bubbles interact both with the grain boundary 

precipitate and with intermetallic particles formed either during 

casting or during homogenization. Addition of small quantities of 

chromium and possibly manganese to aluminium alloys have beneficial 

results.
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CHAPTER 3 

ESSENTIAL THEORY 

3.1 Principle of Zlectron Spectroscopy for Chemical Analysis (ESCA) 

when a surface is irradiated with photons (X-reys) electrons are 

emitted from atoms in the surface layers. ESCA reproduces directly 

the electronic level structure. All elements heavier than lithium 

can be studied even if an element occurs together with several other 

elements and represents only a small part of a chemical compound. 

The ejected electrons can arise from two processes in the atom 

as shown in Figure 5. In the first, direct photoionisation takes 

place to give an electron with an energy Ee 

Bae En een Tene sed 

where £3, 

EL ray the energy of the incident radiation. The second process 

is the b nding energy of the electron in the atom and 

takes place in the ionised atom, when an electron drops from a 

higher energy level Lp in the atom to fill the vacancy left by the 

emitted electron. Instead of emitting a secondary photon all the 

energy of this transition is given to a third electron, generally 

known as an Auger electron, which is then emitted. For analytical 

purposes the importance of both types of electrons are that they 

have energies which are characteristic of the atoms from which they 

have been emitted for a given incident photon energy. 

3.1.1 Calculation of Binding Energies from ESCA spectra 

The kinetic energy Bue of the photoelectron is given by 

A 
Kein = Exsray - Bgi - Ep secaeesee
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Here Ey ray is the quantum energy of the k-ray photon, Ep, is the 

energy of liberation for the electron and E. is the recoil energy. By 

using the law of conservation of momentum for the case when the 

recoil is in the direction of the incoming photon there is an upper 

limit for the recoil energy 

4 

  

4 mi 

5, 2 : E 
Bak a = = o Fein po wee Say Bas 

a Xeray MOE vay me> 2me* 

M and m are the masses of the recoiling atom and the photoelectron, 

(non-relativistic calculation) by using the equation 3.3. The maximum 

recoil energy for the photoelectric ejection of a valence electron is 

calculated. In most cases it is less than one electron volt in 

magnitude and with suitable choice of X-radiation the recoil energy 

becomes negligibly small. 

Nearly always there exists a small electric field in the space 

between the source and the entrance slit to the spectrometer even if 

both are grounded. This is because grounding the source and the 

spectrometer material means that their Fermi levels are the same. Any 

difference in work function of the source material and the spectrometer 

material thus gives a difference in macro-potential and therefore an 

electric field in the space between source and spectrometer chamber. 

The kinetic energy Sain of the electron when it enters the 

spectrometer chamber is thus slightly different from the energy =e 

which it has on emerging from the source. It is the kinetic energy 

4 
Bis . : . 
“kin that is measured. The Fermi level is chosen as a reference 

level for bulk materials. 

i = Exeray - Ban 7 Pep cecoe Dot 

where E, is the electron binding energy and Pes is the work function
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of the spectrometer material. It should be noticed that the term 

Pep does not depend on the source material and as long as it does not 

vary with time, then the same work function correction can be applied 

to all measurements. 

3.1.2 The inherent level widths and energy separations 

when an inner electron shell is ionized, the vacancy is filled by 

outer electrons within a time interval of the order of 40°76 seconds. 

The principle of uncertainty shows that there is a lack of definition 

in the energy level of the order of a few electron volts. This is the 

inherent width of the level, which defines an upper limit for the 

accuracy with which atomic level energies can be measured. With ESCA 

machines this limit can actually be reached. 

As is shown in the Figure 6 the width of each level decreases 

with decreasing atomic number. In the case of aluminium both the k 

and Ly widths are only a few tenths of an electron weit 0, 

3.1.3 Electron escape 

(138-140) 
It is important to calculate the number of photoelectrons 

aN that: (a) are emitted per second from a given nL (or nlj) subshell 

of certain atoms contained in a differential volume element of thickness 

aZ at a distance Z below the specimen surface, (b) escape from points 

on the surface that are somewhere within the projection of the 

spectrometer entrance aperture of effective area A, without being 

inelastically scattered, (c) enter the spectrometer with velocity 

vectors within the geometrical acceptance solid angle Sie of the 

spectrometer, and (d) are finally detected so as to contribute to the 

resulting no-loss photoelectron peak. The initial kinetic energy 

just after leaving the specimen surface is E, and the final kinetic 

energy during analysis is E, equal to or smaller than EA,, and fLo 

determines the relative energy resolution SE/E, Figure 7.
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The basic assumption utilized in connection with this model are 

listed. 

(1) The specimen surface is assumed to be perfectly planar on an 

atomic scale. 

(2) The specimen is assumed to be amorphous or to be composed of 

randomly-oriented crystallites with characteristic dimensions 

very small in comparison to those of Aye In this way all 

effects due to diffraction or channeling of X-rays or 

electrons within the specimen can be neglected. 

(3) The X-ray flux I, incident upon the specimen is assumed to be 

uniform and is represented by a plane wave. 

(4) The refraction and reflection of X-rays at the surface are 

described in terms of classical electromagnetic theory. 

(5) Both X-ray and photoelectron attenuation within the specimen 

are assumed to follow an exponential decoy along their path 

lengths. The characteristic attenuation lengths written as 

(mean free paths) A, for X-rays and (A, for electrons. 

(6) The attenuation length for X-rays, although dependent on the 

Xeray wave-length Xr 2 is assumed to be independent of the 

angle of incidence %. This assumption appears to be 

adequate for X-rays of approximately 1 Kev. 

(7) Although the electron attenuation length A e is known to be a 

strong function of the photoelectron kinetic energy E. It 

is assumed to be independent of 9, the angle of escape relative 

to the surface. 

(8) The acceptance of electrons into the spectrometer for energy 

analysis is assumed to be governed by a constant solid angle 

HK , acting over the projection of an effective aperture area
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Figure 7: Schematic drawing of an arbitrary spectrometer 

geometry, with the nomenclature for various 

quantities indicated (Fadley et al) we 
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Ay onto the sample surface. With these assumptions, the 

general expression for the number of photoelectrons dN is 

given by Fadley as 

  

X-ray flux number of atoms probability for 

aN(@) = : ° 
at depth Z in volume element nl emission intoNo 

fraction escaping intensity loss factor detection 

in no-loss peak due to retardation efficiency 

ae A 
: zl Sin g Zz ° a6 nl fu 

ance) =| T,C-8) Sing OP ~ Asin |" Care’, - “an % 

Z Bo 
«jexp Asin 6 . Pr . Do cocee BD 

R represents the X-ray reflection coefficient, € is the number 

density of the atom under consideration, A,/sin @ is the effective 

specimen area seen by the projected spectrometer aperture; 

dénl/anm is the differential photoelectric cross-section for the nl 

subshell; 2Z/Sin @ and Z/Sin © are the path lengths within the 

specimen for X-rays and electrons - respectively; F/E,/2) represents 

a function describing the intensity loss caused by retardation; and 

Do is an overall detector efficiency. 

An important special case of this model is shown schematically 

in Figure 8. Consider a single uniform surface layer of thickness 

eu with characteristic parameters e, A, 2 and abn'ljan that need 

not equal the corresponding values in the thick underlying substrate. 

The kinetic energy B' will depend on the subshell n'l' from which 

the photoelectron is emitted. This model is thus relevant to such 

' 
experimental situations as chemisorbed layers, oxide layers. As t 

‘ 
is not too many times larger than Ag so that photoelectrons from the
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substrate can still escape through the surface layer without inelastic 

scattering to a sufficient degree to be detected. The intensity of a 

given photoelectron peak originating in the surface layer will be 

  

given by: 

’ a 
ES ‘a6 il ,/ t 

nN, (@) = ¢, 2 A (8) |1- em ~———__ | .... 3.6 
E ar A, (£) Sine 

and the intensities from the substrate 

E, e dnl, i t 
Nt (@) =c —— — (E) exp a sees Be? 
oe SrEhe a 9 A, (2) Sin @ 

4 useful specialization of this one-layer model is the substrate and 

the nl photoelectron peaks of this atom are chemically shifted from 

one another by a sufficient amount to enable measuring anguler 

cistributions of each peak separately. This system has been studied 

recently by Carlon and McGuire. For such a system equation 

reduces to: 

  

‘ ' 
m@e A, t Cone 
—————es) Fee exp | —————— | |1 - exp ae 

n 2(0)@ A, (2) A, (2) sin © AN, (2) Sin © 

eves 308 

which can further be simplified to: 

‘ Z 5 an | Ny (0) A) (a2) a A , (2)(21,05) Sin @ = t eee <9 
  

Nn (0) AL (2) (41,05) 

3.1.4 Effects of surface roughness 

As in most experimental situations, it is difficult to satisfy 

the assumption of an atomically flat surface; it is of interest to
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determine at least qualitatively what the effects of surface roughness 

will be on angular distributions. A rough surface is any surface 

Geviating from atomically flat roughness will affect the 

photoemission process in'basically two ways, (1) a given point on~ 

the surface may be shaded for either the incident X-rays or the 

escaping electrons by adjacent roughness,(2) the true X-ray 

incidence and electron escape-angles will,in general, be different 

from the corresponding flat surface values at any point on a rough 

surface. Significant X-ray shading will occur only if the 

characteristic dimensions of the roughness are of the order of A, 

Glectron shading correspondingly need only be considered with 

roughness dimensions of the order of IS, or larger. 

In figure 9 the cross-section of an arbitrary rough surface is 

shown. The overall incidence and escape angles Y and 9 are defined 

relative to the planar average of the roughness. The true X-ray 

incidence angle on an arbitrary differential element of area dA on 

the surface is indicated by $", the true refraction angle by MA 

and the true electron escape angle by ee 

Provident that the characteristic dimensions of the roughness 

are much larger than either A, orA., we can approximate that volume 

element generated by projecting each unshaded dA anti-parallel to 

aA and into the surface as a single flat specimen of cross- 

sectional area dA. A differential volume element of such a specimen 

at a distance Z below the surface will produce a number of 

photoelectrons given 

  

  

d6énl Sin B aa 4 = 
an(@) =C (1-R)@ —— — exp | -2] ——— + —— | a2 

aX Sin B A, A Sin " A sin 6 

seee 5210
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This is for a specimen of cross-section dA that is entirely in 

view of the spectrometer aperture and for which the planar surface 

angles f, ¢ and © are replaced by the values g ; Z and 0” 

respectively describing the orientation of the arbitrary surface 

elements. 

Although total intensities from rough surfaces may equal those 

from smooth surfaces, the average angle of emission{0’> need not be 

equal to 6 Thus, the average depth of emission compared with that 

from a smooth surface, will be correctly given by 

ran < sin >= A a Sin ge + This also affects the oxide and 

hydroxide films. 

The behaviour of a rough surface covered with a layer of 

uniform thickness t is also rather important from an experimental 

point of view. It is convenient to write the relevant expressions 

as ratios of the rough surface total intensities with a surface 

layer to the anologous smooth surface intensities with the same 

surface layer: 

n,® (0) C[t-exp (-t'“',(E ) sin @)] sin & ao) 
  

  

wees get" 
Ng (0) [t-2 (-t' f’, (EB) Sin ®)] Sin 0 A 

WE eC) Cexp (+t A, (2) Sin (©) YAO) o* 

N, +(¢) exp (-t 4, (E) Sin ®) Sin® A 

Here a®(o)/a can be treated as a single quantity representing the 

ratio of total unshaded rough surface area to the total area of a 

smooth planar surface of the same overall dimensions. In the same 

notation:



a hyo 

  

N, (8) Sin 6 A 

% © sind af ee Gains ek (6) _ , (8 () coves 3013 

As a detailed illustration of this type of analysis Fadley he 

carried out numerical calculations for an idealized sinusoidal model 

of surface roughness. The model surface he used is indicated in 

Figure 10a. It is assumed to have a constant sinusoidal cross- 

section in any plane parallel to the x-Z plane and thus can be 

characterized as a 'one-dimensional' roughness. 

The form of the surface is thus: 

Z = (a/Z) Sin (2 x/X<) meer sel 

The only other study of a specific model for surface roughness in 

connection with X.P.S. was carried out by Ebel et al Ae , who 

considered a one-dimensional triangular roughness such as that shown 

in Figure 10b for the special case of right triangles and for fixed 

Y=0@= 45. This study was primarily concerned with the effect of 

cube size on intensities through X-ray shading, and did not consider 

the forms of angular distributions from such surfaces. 

In the work of Fadely et al ve the average rough-surface 

escape angles < o> were plotted against the flat-surface escape 

angle © for different values of a/h; these results can be explained 

very simply. For © near 90°, the entire surface is unshaded and a 

considerable fraction of the emission is from the sloping sides of 

the sinusoidal surface for which © < 90°. Thus for any non-zero 

value of a/) < o> will be less than 0 for © = 90°. Also as 

a/ becomes larger, the slopes become larger and < e> becomes 

smaller near 90°, For small values of 9, on the other hand, the 

curve for each a/A displays a region for which 9) > ®. This
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is due to the fact that only the uppermost rounded portionsof the 

sinusoidal surface are unshaded and these in general will have a 

range of ° values from zero to considerably above 9. 

Thus, for any non-zero value of a/) < o> will be less than 

© for 690°. Also as a/A becomes larger the slopes become 

larger and <> becomes smaller near 90°. 

In this model it appears that relatively smooth surfaces with 

a/ = 0.318 will behave essentially as flat surfaces over a region 

symmetric about 45°, This suggests that experimental surfaces with 

very low, but non-zero, roughness might be expected to conform most 

closely to the flat surface model in some region of © near 45° and 

that deviations from this model would occur on either the low-angle 

or high sides of this region. 

3-2 The Theory of Ellipsometry 

The amplitude and phase of a beam of light reflected or 

transmitted by a thin film, or combination, may be obtained by 

solving Maxwell's equation with the appropriate boundary condition. 

The problem is considerably simplified by the use of Fresnel 

coefficients R and T where KR is the ratio of reflected to 

incident amplitudes and T is the ratio of transmitted to incident 

amplitude. 

The notation used here for different boundaries between media 

is adopted from that of Abele's af and used by Heavens de oe A 

superscript + or - indicates the direction of propogation with 

respect to the normal to the film. The direction of the plane of 

polarization of any orientation is specified with respect to the 

plane of incidence. 

The wave vectors are resolved into components parallel and 

perpendicular to the plane of incidence and are denoted by a



akg © 

subscript (£) and (s) respectively. The media are numbered and the 

material identified by this number. For an absorbing medium, the 

refractive index is a complex quantity N =n - ik. The imaginary 

part is related to the absorption of energy by the medium. For 

non-normal incidence, the angles of refraction become complex 

quantities. The physical interpretation of this lies in the fact 

that the planes of equal phase are no longer parallel to the planes 

5 of equal amplitude (Vasiak) us « It may be shown that the Fresnel 

coefficients are given by 

it Ey _ N, Cos £5 - Np Cos g, se 

Ria(p) = = N, Cos g, + N, cos B prota 2: 
=, 4 4 2. 4 

0 

ae N, Cos £, - Ns Cos £ 

R [ee ee sone o16 
12(S) + - 3 

Ey N, Cos g, + No Cos £5 

For light Peavelaine, from medium 1 to medium 2 having an angle of 

incidence g, and angle of refraction Boe Similar expressions exist 

for the transmitted (P) and (S) components. 

The above equations may be applied to a single film, which is 

assumed to be homogeneous and isotropic and to have parallel plane 

boundaries as indicated in Figure 11. This represents a parallel 

beam of plane polarized light of unit amplitude and wavelength Xr 

falling on an absorbing film of thickness t and complex refractive 

index No supported on an absorbing substrate of index N5- 

The complex amplitudes of the successive beams reflected and 

transmitted by the film are shown in Figure 11 in which $> 

represents the amplitude and phase change in traversing the film 

once 

6 = = N, + Cos £5 Sesee S017
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The reflected amplitude from the whole system is thus given by the 

infinite series 

Ree 8, it aes oe peek oe 18 43 = Bao + Typ Typ Ros & 2 - Tas Mo 12 [Fis] ° 2 + cee 5018 

which can be summed to give 

. ~2ik 
sae qeneiaes 

1+ Ry Boy € 
eee 3019    2) 

It follows from the conservation of energy that T,, T,, = 1 - [R a 
2 te 42 

and substituting this into the previous expressions, the reflected 

amplitude becomes 

-2i6 
: Rip + Roz e 2 _ 

cig” 
Ro = 

Vit Rip Bos © 2 
ee see 320   

13 

where @ is the amplitude ratio and A is the difference in phase of 

the reflected light compared to the incident light. Two identical 

expressions exist for the (R) and (S) components, although the 

numerical values are different. 

The ratio of amplitude changes for the (P) and (S) components 

is given by 

sap ‘ 
Xia ein) ieee) i(A- 4) engee! 

Ba)" ey § (s) 

AS shall be shown, the ellipsometer measures TenY the 

relative amplitude reduction, and A , the difference in phase 

change for the (P) and (S) components. The parameters Y and A are
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thus related, through the Fresnel coefficient, to the refractive 

  index and thickness of the film, and the le of incidence. ‘The 

derivation of n and k for the film from the measured values of ¥ 

nd A is extremely laborious, so that an electronic computer is » 

very essential. For a clean opaque film surface, n and k are 

related to the instrument reading Y and A through equations 

445 
and are given in a form suitable for computation by Ditchburn as 

sin, ten® g, (cos* - gin??? sin?A) + sin® g 
wage Bete   n--k 

(14 sin’y cosA )* 

sing, cane Lys SinW sind 
nk = So eee 3023 

(1 + Sin“ Y cos A) 

The extension of the calculations to several layers is possible since 

a single film, bounded by two surfaces, has an effective reflection 

coefficient and phase change. Such a film may be replaced by a single 

surface having the same properties as indicated in Figure 11. 

In this way, it is possible to start at the supporting 

substrate and work upwards through each layer to the surface as 

performed by Rovard ase or to start at the surface and work 

downwards towards the substrate, as proposed by Vasicek ped - For 

an oxidized surface, the angles Y ana A are changed from the 

values for a clean surface. If the optical constants of the oxide- 

free surface are known, then any subsequent changes of the instrument 

angles Y and A can be used to determine the thickness of the oxide 

film formed. 

Two Algol programmes were used in this work. The first 

computed values of n and k for a range of values of Y and A ata 

given angle of incidence. These computed values are pseudo-constants 

(for a surface with a superimposed, i.e. a clean surface is 

assumed). The second programme was used to predict values of Y ana



Sie 

& for a range of values of n and k for the film whose thickness 

was measured in a subsidiary experiment. The true values of n and 

k were then found by inspection by finding consistency between 

values of n, R, d, Y and A. 

3.2.1 The compensator method 

In this work most of the ellipsometry was done by using a 

compensator method ind The principle of the compensator 4 

method is illustrated in Figure 12. Plane polarized light, produced 

by the polarizer Py is incident on the specimen with azimuth Y i.e. 

its plane of polarization inclined at an angle Y to the plane of 

incidence. Conventionally, inclinations are considered positive if 

anti-clockwise from the plane of incidence, looking towards the 

oncoming light. On reflection from the specimen the difference in 

amplitude ratio and the difference in phase change between the (P) 

and (S) components - ensures that the reflected light is, in 

general, elliptically polarized, i.e. the tip of the electric vector 

moves in an ellipse with azimuth of the major axis} and 

ellipticity (ratio of minor to major axes)¥ . This elliptically 

polarized light then passes through the compensator which consists 

of a bi-refringent sheet of mica. 

If the fast axis of the compensator is arranged to be parallel 

to the major axis of the reflected ellipse, the vibrations along 

the major and minor axis of the ellipse (for which a phase 

difference of 90 degrees exists) are again brought into phase, and 

plane polarized light results. The azimuth of this 'compensated' 

plane polarized light will be at an angle . to the major axis of 

the ellipse (See Figure 13). 

Finally the light passes through the analysing polaroid Ay 

which may be rotated until its transmission axis is perpendicular 

to the plane of viberation. In this condition, and only in this
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condition, the light intensity received by the photomultiplier 

detector tis Zero. 

The experimental procedure is considerably simplified if the 

compensator is first located with its fast axis at exactly 45° to 

the plane of incidence. 

The polarizer and analyser are then adjusted for minimum light 

intensity received by the photomultiplier. The situation then 

corresponds to that shown in Figure 13. The azimuth of the 

reflected ellipse is always 45°, or in other words, the amplitudes 

of the reflected (P) and (S) components are equal i.e. EB and Ey 

are equal. 

The azimuth w of the polarizer is then equal to the 

parameter Y mentioned previously 
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tenV 

vy Redes, BPO 

tan Y 

¥ 

The ellipticity X¥ is related to the phase difference A between 

the (p) and (s) components. In general, it may be shown that: 

tan A = tan 2¥ 

sin 27% 

Since, from above Mis 45°, sin 274 = 1,00 and 

ten A = tan2y¥ ; B 25) . 

  

The ellipticity ¥ and hence the phase difference A is 

determined from the analyser azimuth, as shown in Figure 13. The 

azimuth of the compensated light is 45° 4 X¥ , so that the azimuth 

at the analyser in its extinction position will be 45° +¥8 > with 

respect to K& the perpendicular to the plane of incidence. It is 

this quantity marked X on Ficure 13 which is measured experimentally 

45° + BY = 45° + Aye Since X 

then A 2x ~ 90° sass 9550 

In general, pairs of polarizer and analyser azimuths for extinction 

Kg occur which fall into four zones. MacCrakin t gives a detailed 

explanation of the effect. 

The total 32 pairs of polarizer and analyser positions for 

extinction can be understood in a methodical fashion by respresenting 

the state of polarization of light by means of the Poincare sphere 

3.3 Principles of Scanning Transmission Electron Microscopy (STEM) 

The basic electron optical and instrumental elements required by 

a high resolution (STEM), such as strong, electrically stable, probe-
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forming lenses,a beam deflection system, and specimen manipulation 

facilities of high mechanical stability are components which are 

already in a highly developed state in a conventional high 

resolution (TEM). In a STEM system the beam is focussed to a fine 

probe and scanned over the sample as in scanning electron microscope. 

Electrons which pass through the sample are collected and processed 

as in a SEM system. In a STEM system the detector is beneath the 

specimen. If another detector is placed above the sample, the 

microscope can also be used as a high resolution SEM * JEM 100C is 

one such system which combines STEM and SEM modes. 

The resolution of STEM is determined by the probe size used. 

The size of probe (d) obtained is controlled by such factors as the 

gun brightness (B), the current (I) and the beam convergence (24). 

The relationship between the probe size and these parameters is given 

by the expression: 

ae cunyeneey> Meese 5550 

3.3.1 Theory of STEM 

Using the coordinate system shown in Figure (14) the electron 

wave function in the object is 

Ww Ce) =[ 6 Hex € ik (Ko} dk neae soos 

where GQ) is the angular variation of the incoming conical 

illumination. It is given by 

G&) exp F site, 203 KES x 

O xA>%, 

i 
with — WA 2) = - KC, 74 + 2072) 2 58
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~X 

  : € 

SES> 
The system of coordinates Figure 14 

C. spherical aberration, Ce. 

The wave function in the detector plane is obtained by a 

Fourier transform after the interaction with the specimen 

V (p) -f (A) G(K-p)a% concn 3. 

where TK) is the scattering amplitude of the specimen. The wave 

function can be split into two parts. One from the unscattered beam 

(G(B), with ]G] = 1 in this case) and one from the scattered wave 

(Ys (B)), 50 

Y (p) G (p) + ¥> (p) 

The detector plane intensity is then
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ae " 140 +G¥,+¥¥, BEX 
Cs 

¥, Yo 

  

where * denotes a complex conjugate. 

The term GY, + Y,) is linearly related to the object 

scattering amplitude, and this is the dominant term in the 

formation of a bright-field phase contrast image. The term 

16 e is an additional nonlinear component. The final intensity 

is found by integrating over the azimuth and phase of Bs is 

appropriate for the detector. Complete details of this calculation 

are given by Ref 150-151 . 

3.3.2 Scanning Electron Microscopy (SEM) 

The electron optical column contains an electron gun and a 

series of electron lenses which focus a fine beam of electrons onto 

the specimen surface. This electron beam is scanned across the 

specimen surface in a rectangular raster in Synchrony with the 

electron beam in the cathode ray tube (CRT). As the beam scans the 

specimen surface, secondary electrons are generated at the specimen 

surface; the secondary electron current varies according to the 

local properties of the specimen surface. This current is amplified 

to form the yideo signal which governs the brightness in the CRT; 

the displayed image represents a picture of the specimen. Figure 15. 

If the scanned area in the CRT is the same as that on the specimen 

surface, the magnification is unity; but by reducing the scanned 

area on the specimen, the magnification is increased. The usual 

range for a commercial SEM is between 20 and 50,000.
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3.365 Resolving Fower 

In the absence of aberrations, the beam diameter is related to 

the source diameter by magnification as follows: 

dee == wares 3950 

where a, is Aberration less beam diameter 

Ds Diameter of the source 

M Magnification 

The final beam current is 

veces 5037 

J. Beam current density, A on= 

e Charge on an electron, coulombs 

V Accelerating voltage of primary beam, volts 

[T Temperature 

Semi-angle of convergence of the beam 

To get finer resolving power, the final beam diameter has to be 

reduced. This can be done by increasing the magnification, but 

this will also decrease the final beam current i. In practice, the 

aberrations of the final lens will make the total beam diameter d 

larger than ao: The spherical aberration gives circle of Least 

confusion given as 

ete 3 0%? sess 3650 

Where Cc. is the spherical aberration constant. 

For a well-designed lens Cc. is of the order of a focal length 

of the lens. 

In chromatic aberration the electrons of higher energy come to
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a focus farther from the lens. This circle of least confusion has a 

diameter 

eae Ay 
c Vv 

ox tric 
c 

cy Chromatic aberration constant. 

Diffraction also contributes an alty circle of diameter 

a, = By? x 1078 veneer 2etO. 

The total beam diameter d is usually estimated by adding in 

quadratu e the various components 

eocee Boh 

For a transmission electron microscope (TEM) operating at V = 100 Kv 

and Aviv he aberrations are small, and the typical resolving 

power works out to be in the region of 0.7 nm. This has also been 

achieved for special SEM. The reason why commercial available SEN 

machines are so much worse is that commercial SEM machines are made 

primarily to examine surfaces of bulk specimens by Cote aueg one 

low-energy (about 4 eV) secondary electrons from the specimen 

surface, and this requires that the specimen surface be outside the 

magnetic field of the final lens (otherwise, the low energy 

electrons are trapped in the flux). This restriction increases the 

focal length, with a resultant increase in d. 

The second reason is that the terms involving d, are more 

important in SEM than in TEM. 

The third reason is, in examining a bulk specimen, penetration 

of the electron is restricted. In order to achieve this, the 

accelerating voltage is kept low (values of 10 to 20 kV are typical



aoe 

for an SEM). Unfortunately, lowering the value of V will increase 

the values of d_, d_ and d,. 
sr Cc f 

3.3.4 Contrast Formation 

The advantage of SEM (over TEM) is the wide variety of contrast 

mechanisms. This advantage arises from the fact that the focussing 

operation and the contrast formation are now separated. The 

information used to build up the image need not be focused. Any 

measurable interaction can be used to build up a picture of the 

specimen. The interpretation depends on the interaction used to 

form the image. For example measurable X-rays, which cannot be 

focused, can be used to build up a picture of the elemental content 

of the specimen surface. Another mode of operation is the 

secondary electron collection to generate the video signal. The 

pictures obtained give a most realistic presentation of the 

geometry of the specimen surface. 

3.4 Ion Bombardment 

The study of the interaction of ions with surfaces hes a long 

history, but with the introduction of ultra-high-vacuum techniques 

the whole field of surface investigation, including particle 

interactions with surfaces really started, and in the past decade 

a vast improvement in our understanding has resulted. Almen and 

tee laid the foundation of the experimental data on Bruce 

sputtering which are still unchallenged but a detailed understanding 

of the sputtering process still remains to be explored. Recently 

a@ very good review by McCracken 153 has appeared on the 

behaviour of surfaces under ion bombardment. 

3.4.1 Types of interaction 

When an ion first interacts with the surface the incident ion
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will transfer energy to the solid. Lindhard and Scharff te divided 

the process into two parts, electronic collisions and nuclear 

collisions. The first process is the interaction of the fast ion 

with the lattice electrons resulting in excitation and ionization, and 

it is almost entirely inelastic. As the density of electrons is 

high the collisions are so numerous that the process can normally be 

regarded as one of continuous energy loss. This process has been 

described in detail by (whaling, Lindhard and Scharff it ). The 

second process by which an ion loss energy is by nuclear loss. This 

results from collisions between the incident ion and the lattice 

atoms. It can normally be considered to be described by a two- 

body collision in which the normal laws of conservation of energy 

and momentum applies. At high energies they can be accurately 

described by Rutherford scattering and at medium energies by screened 

Coulomb scattering. 

The interactionswith electrons lead to secondary electron 

emission, emission of characteristic X-rays, and optical photon 

emission. Interactions with the lattice lead to displacement of 

lattice atoms, formation of point defects, and, in cases where the 

energy is transferred back to the surface, erosion of the target by 

sputtering. 

The interaction of the incident ion with electrons can be 

thought of in terms of overlapping of electron shells. It causes 

direct excitation of electrons in both the incident and the target 

atoms.
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EXPERIMENTAL PROCEDURE AND EQUIPMENT 

4.1 Preparation of aluminium sheets for ellipsometric experiments 

Two groups of aluminium samples of different purity (99.3; and 

99.9%:) were prepared. First, half of the samples from each group 

were given heat treatment at 300°C for 10 minutes and the rest of the 

samples were given heat treatment at 200°C for 10 minutes. These 

two different heat treatments gave different degrees of crystalisation. 

The samples were then cooled in air. 

411 the samples were chemically polished by Phosbrite for 25 

seconés at 100°C and cleaned in (aNo3) nitric acid followed by 

distilled water. A hydroxide film was grown on these samples by 

placing them vertically in a humidity chamber at 70°C at 1005 

humidity. At fixed times the samples were taken out of the humidity 

chamber and the ellipsometer readings taken at a wavelength \ 540 nm. 

After the readings were taken the samples were returned to the 

humidity chamber. 

4,2 Preparation of aluminium hydroxide films on glass substrate 

Glass substrate which were cut from microscope slides were 

cleaned by immersing in 3 detergent solution in an ultrasonic bath, 

followed by repeated cleaning in distilled water in an ultrasonic 

bath. Finally the substrates were boiled in isopropyl alcohol and 

@ried by withdrawing through the vapour. 

Aluminium films were deposited onto glass substrates under high 

vacuum and ultra-high vacuum conditions, 1076 torr and 1079 torr 

respectively. The thickness of each film was measured by 

interferometry (Tolansky) after which the film was placed in the
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humidity chamber and the time noted down. The film was examined 

after every 15 min. and after a certain length of time the film 

became transparent and again the time was noted. 

The precise time when the film became transparent was 

important, so the technique was refined. An apparatus was arranged 

as shown in Figure 16. The aluminium film was placed between the 

light source and the photodiode. The time was noted and the chart 

recorder started. when all the aluminium had been reacted to 

become aluminium hydroxide, the film became transparent and a higher 

voltage reading was recorded on the chart recorder; the time was 

also noted down. This was repeated with films of different thickness 

and the results plotted. 

4.3 Preparation of hydroxide filmson gold films substrate 

4.3.1 Principle of the method and sample preparation 

(1) A thick film of a non reactive metal such as gold is deposited 

on a glass substrate and the surface is characterised 

ellipsometrically by the angles Y and A determined from the 

instrument extinction settings. In turn the optical constants 

can be computed from equation. 

A film of aluminium is then superimposed on the gold film. The 

thickness of aluminium can be determined by an interference 

55 method by Tolansky A with fringes of equal chromatic order 

using an interference microscope. 

(2) The aluminium films are then exposed to the water vapour 

environment sufficiently long for all the aluminium to 

react to form aluminium hydroxide. This state is easily 

detected since the hydroxide film is non absorbing. 

(3) The changes in Y and A + (§¥ and 6A) from the gold surface 

due to the presence of the hydroxide film are measured.
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(4) The hydroxide film is then overlaid by a highly reflecting film 

of aluminium and the hydroxide thickness determined by the 

interference microscope. 

4.3.2 Experimental Procedure 

Glass substrates which were cut from microscope slides were 

cleaned by immersing in 3 detergent solution in an ultrasonic bath, 

followed by repeated cleaning in distilled water in an ultrasonic 

bath. Finally the substrates were boiled in isopropyl alcohol and 

dried by withdrawing through the vapour. They were then mounted in 

a@ vacuum system above a tungsten boat from which gold was evaporated 

at a base pressure of 5 x 4107? torr. After evaporation the gold 

films were removed from the vacuum chamber and annealed at 100°C 

for 2 hours before ellipsometric readings were taken. 

The gold films were replaced in the vacuum system and aluminium 

films of various thicknesses were evaporated from a tungsten 

filament. During evaporation it was possible to hold the pressure 

to 2x 10° torr. For each set of readings two aluminium films of 

equal thickness were evaporated simultaneously. One was used for 

ellipsometric tests and the other for thickness measurements. 

Figure 17 shows cross-sections through the substrates and film 

system. Figure 17a represents the arrangement used for the 

measurement of optical properties of gold. Figure 17b shows the 

system which was used for the measurement of optical properties of 

aluminium. Figure 17¢ shows the system which was used for thickness 

measurement of aluminium films. The specimen for ellipsometric test 

was placed vertically in a humidity chamber at 70°C and 100% 

relative humidity. After the reaction was completed an aluminium 

hydroxide film was formed on the gold film, as shown in Figure 17d. 

Figure 17f shows the system which was used for the measurement of
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aluminium hydroxide film thickness. 

Details of the type of ellipsometer (with compensator) used in 

these investigations have been given in 4.72 . i, selection from 

the 32 possible settings was made in the manner described by 

heCrackin 19 . Ellipsometric readings were made before and after 

placing the specimens in the humidity chamber. A few sterioscan 

photographs were also taken to determine the structure of the 

hydroxide films. The gold films, the aluminium overlay films and 

the hydroxide films were examined using a step scan X-ray 

diffractometer. 

4,4 Ellipsometry experimental procedure (vacuum) 

The aluminium films were prepared by evaporation on to an 

aluminium sheet substrate from a tungsten wire (0.5mm diameter). 

The aluminium sheet was mounted onto a sample holder shown in 

Figure 18, the sample holder was electrically isolated from the 

vacuum chamber by ceramic. The filament and sample material were 

first degassed by pre-heating and successively evaporating several 

small portions of the metal onto the shutter, before preparing 

films for detailed examination. 

The base pressure was 10°? torr but during evaporation, which 

wes carried out in a vacuum chamber as shown in Figure 19 the 

pressure rose to 2 x 108 torr and immediately fell after evaporation 

to less than 3 x 107? torr. The aluminium used for evaporation had 

bulk impurities, specified at less than 200 ppm. 

Pure aluminium foil samples taken from scalped aluminium ingot 

which had been homogenised and first hot and then cold-rolled to 

sheet thickness of 0.5 mm were also examined. Some of the aluminium 

sheet samples were heat treated at 310°C for 15 minutes and mounted 

onto the sample holder shown in Figure 19. The sample holder was
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attached to a rotary drive. All aluminium sheet samples had 

protective oxide films. The protective oxide films were removed 

by Argon ion bombardment using ion tech B10 ion gun Figure 20. 

At a pressure of 107® torr, adsorbed monolayer can form in 1 

second assuming the sticking coefficient is one. Therefore in 

order to study controlled growth of oxide and hydroxide films, one 

should have base vacuum pressure of the order of 1079 torr. This 

pressure requirement could be achieved in the vacuum system shown 

in Figure 19. 

Deliberate oxidation of the sample, for experimental 

recuirement, was achieved by excosing the films to oxygen or water 

vapour at pressure between 1077 torr to 107+ torr within the 

vacuum chamber. water was degassed by pumping it continuously ing 

vacuum of 1077 torr for several hours. The gases were leaked into 

the vacuum chamber by a non-bakeable valve. 

4.5 ESCA experimental procedure 

The aluminium films were prepared by evaporation on to a 

polished Ni substrate from a tungsten wire (0.5 mm diameter). No 

trace of the wire or substrate material was found in any of the 

recorded spectra. The filament and sample were first degassed by 

pre-heating and successively evaporating several small portions of 

the metal before preparing films for detailed study. For a 

monatomic gas striking a typical metal surface, with a sticking 

coefficient of 1.0, the time for formation of an adsorbed monolayer 

is approximately 1 sec at 107° torr or 1000 sec at 1079 torr. Tire 

ESCA method require measurement times typically of the order of 

300 sec for examination of position and shape of a given feature 

in a spectrum, thus a vacuum at least as good as 407? torr is 

required. During the evaporation, which was carried out in sample
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Figure 18. Sample holder, electrically 

isolated from the vacuum chamber by a 

ceramic joint. 

   



 



  

Figure 19. General view of the 

apparatus. 
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Figure 20. Ion gun. 
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preparation chamber of a Vacuum Generators ESCA} electron 

8 
spectrometer (Figure 21) the pressure rose to 10 torr but fell 

-9 
diately after evaporation to less than 10 ~ torr. After 

  

preparation the sample was transferred under the same vacuum to the 

analyser chamber, where a pressure of less than 6 x 40710 torr was 

maintained. The metals used for evaporation had bulk impurities 

specified less than 200 ppm. No metallic impurities were seen in 

the evaporated films in spite of the great sensitivity of ESCA to 

such contaminants. No surface carbon was detected either, though 

10% atoms cem™@ would have been observable. Oxygen contamination, 

which was detectable, was very small at the start of a run. 

For experimental requirements deliberate oxidation of the 

sample was achieved by exposing the films to oxygen, or water 

b 
vapour, at pressures between 107? and 107" torr, within the sample 

preparation chamber. The oxygen was dried by means of a liquid 

nitrogen cold trap; water was degassed by pumping it continuously, 

Hi torr, for several hours. The purified gases were in,vacuum of 107 

leaked into the preparation chamber vie a non-bakeable valve. When 

connected to this valve the sample preparation chamber could 

maintain, vacuum below 2 x 107° torr. 

Pure aluminium samples taken from scalped aluminium ingot 

which had been homogenised and first hot and then cold-rolled to 

sheet thickness of 0.5 mm were also examined. Together with pure 

aluminium foil, taken from the same sheets as above, heat treated 

at 310°C for 15 mm and samples which have had their oxide removed 

by electro-polishing and then stored in a dessicator for 5 days. 

All the aluminium foil samples had aluminium oxide films 

present. In order to study controlled growth of oxide and 

hydroxide films on aluminium foil the protective oxides have to 

be removed.
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The protective oxide films were removed by Argon ion bombardment 

in the sample preparation chamber of the ESCA spectrometer. 

4.6 Microscopy - experimental procedure 

Super-pure base aluminium (99.9%) was used for alloy 

preparation. 

The scalped ingots were homogenised and first hot and then cold 

rolled to sheet thicknesssof 0.5 mm Aluminium sheets were annealed 

at 310°C for 15 min. After heat treatment the sheets were allowed 

to cool, to room temperature. Aluminium alloy sheets were heat 

treated at 350°C, 450°C and 550°C for 30 min and cold water guended 

3 mm disc samples were punched out from the sheets. The samples 

were then electropolished with fresh polishing solution, to render 

them suitable for electron microscopy. Each sample was checked, 

by an optical microscope for cleanliness. The samples were stored 

in a dessicater to be freed from water vapour. 

Dise samples were exposed to water vapour at 70°C and 100%: 

relative humidity for different lengths of time. The samples were 

Then examined in the electron microscope JEOL 100C TENSCAN. 

4.7 Ellipsometer vacuum system 

The vacuum system was a conventional one as used by Fane and 

Neal a6 and is shown in Figure 22a. The stainless steel 

experimental chamber was pumped by a four-stage diffusion pump 

charged with DC. 705 oil. This pump was backed through a liquid 

nitrogen trap by a 42.1 nin’ rotary pump. A water-cooled baffle 

and two liquid nitrogen traps separated the chamber from the 

pumps, the upper one being positioned so that it could be baked 

with a heating tape to 250°C. Aluminium wire seals (0.625 mm diam) 

were used between the chamber and the cold traps, and indium wire 

seals between the traps and the diffusion pump where the system is
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not subject to baking. A plan view of the experimental chamber is 

shown in Figure 22b along with the optical arrangement and the B10 

Ion Tech ion gun, shown in Figure 21. 

411 flanges used copper gasket seals. A pressure of 1079 torr 

could be obtained after 24 hours of pumping. 

4.7.1 The Ellipsometer 

The ellipsometer itself consisted of two triangular section 

optical benches bolted to fixed plates on the vacuum bench. The 

light source was a 24 volt, 15C watt tungsten filament projector 

lamp, operated from a 13 volt transformer. This lamp provided 

adequate intensity in the visible and near infra-red regions. & 

lens (L) in Figure 22b is placed such that it produces parallel 

light which passes through a monochromator. 4& condenser lens 22 

focuses the light on a pin-hole which is arranged to be at the focus 

of the lens 22, this produces parallel light, which passes through 

an aperture, to produce the desired size of the beam, and finally 

through optically flat kodial glass windows. After falling on the 

specimen film at an angle of approximately 64 degrees, the light 

was reflected out of the chamber, through the compensator and 

analyser polaroids to the photomultiplier detector. 

4.7.2 Form of Ellipsometer used at 546 nm - The Quarter wave plate 

The method of compensation used is that due to Winterbottom ©) 

and is fully described in section 3.2.1. The polariser and analyser 

consist of HN22 polaroid in graduated circular vernier scales. These 

were supplied by the Precision Tool and Instrument Company, and are 

accurate to within + 2 minutes of angle. The quarter wave plate is 

part of a senarmont compensator and is made of mica sheet.also 

mounted in a circular scale. Essentially quarter wave plates can be 

constructed of any birefringent material for which the refractive
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indices for the ordinary and extraordinary rays differ. Representing 

these indices by No and ne respectively, the phase difference between 

these two rays after passing through the plate will be given by 

G& . en 4 ; 
OF = De GQ Nk cvoee 4 

where k is the thickness of the plate. For an exact quarter wave 

plate S equals g and is determined solely by k. The actual thickness 

of mica required is only 0.000135 mm so that absolutely exact 

quarter wave plates are difficult to achieve. It is therefore 

necessary to calibrate them to ensure that the actual phase 

difference falls within the required limits. In the present work 

calibration was carried out using the method of Jarrard 156 . 

Briefly this method requires elliptically polarised light to be 

passed through the compensator, C and the analyser A. Extinction of 

the light is achieved for compensator and analyser positions represented 

by C and A respectively. Compensator and analyser are then moved, 

first together, and then independently to a new extinction position 

represented by C5 and Aj respectively. As shown by Jarrard the 
2 

phase difference introduced by the compensator is then given by 

cos§ = Tan (A, - re) Rereree 

Tan (C, - G5) 

22¢ 

The results obtained for various wavelengths are shown in Figure 2h. 

The error imparted to the analyser setting if a non-exact 

159 
quarter wave plate is used is discussed by Seward who shows 

that if the quarter wave plate is in error by an amount & 

(ieee. § = a =e} and if it is used to compensate an ellipticity . 

then the error in analyser setting, d4 is given by 

22 2 
man 20 = a ae nS een 

2- €° Siné 2v
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For the values of ellipticity that occur in the present experiments 

(typically 70°) calculations show that an error of 2 degrees in the 

quarter wave plate would lead to an analyser error of less than 1 

minute of angle. It may be concluded from Figure 22c therefore, 

that the quarter wave plete is acceptable over the wavelength range 

530 nm to 5900 nm. Accordingly a wavelength of 546 nm was chosen for 

the experiments. 

4.8 Procedure for determination of y and A for a specimen using 

the Compensator Method 

The essential basis of the method, as explained in section 

3.2.1 is that the azimuth of the plane polarised light incident on 

the specimen is arranged so that the reflected light has equal 

components in the (p) and (s) direction. (The reflected amplitude 
& 

ratio ed = 1.0). Because of the phase difference, A between these 
's 

components, the reflected light will always be elliptically polarised 

with its major axis at 45° to the plane of incidence, and have an 

llipticity that depends on A . If the compensator is set with 

its axes at 45 degrees tc a reference position this ensures that 

the axes of the compensator coincide with the min of the reflected 

ellipse. Light of any ellipticity is then compensated, i.e. 

converted to plane polarised light have an azimuth that depends on 

the ellipticity, and hence on 4 . The procedure, then, is as 

follows. 

The compensator is locked at 45 degrees to a reference position. 

4s before, the polariser and analyser are successively turned to 

give minimum light intensity. The polariser extinction position, say 

P, is then found by "bracketing" the minimum position with the 

polariser then set at its extinction position, the analyser 

extinction position, say A, is likewise found be "bracketing". The
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setting procedure is repeated for a polariser azimuth in another 

quadrant but not 180 degrees away, giving readings Ps and A, on 
2 

polariser and analyser respectively. Two other polariser positions, 

P, and Pus together with their corresponding analyser positions A. 
3 

and Ay are also measured. It is found that P. 

Z 

3 and Py are at 

approximately 180 degrees to P, and Py respectively. As and Ay are 

also at 180 degrees to Ay and 45 respectively. 

The compensator is then turned through 90 degrees so that the 

fast axis azimuth is -45 degrees, with respect to the plane of 

incidence, and four different pairs of polariser and analyser 

settines obtained in the same way. As explained in Section (3.1.4) 

time did not allow for measurement to be made in all four zones 

during some of the experiments. 

Consider the polariser readings: 

It has been shown in Section (3.2.1) that Py and P, are 
2 

symmetrically placed about,-p. In general, the polariser settings 

are symmetrically placed about the plane of incidence. Py =I 

should equal TS - P. In general, the average is taken 2° 

) =~ ceeee Heb 

  

(P, =p) + (, - 
2h 

Tan equals the relative amplitude reduction between the (p) and 

  

(s) components produced by reflection from the specimen. 

Consider the analyser readings: 

4s shown in Section (2.3), A, and A, are always separated by 
2 

approximately 90 degrees. oe Ay should equal a - Ap In 

general the average is taken 

=x woos 45 (A. - Ay) + (~, - Ay) 

2 

where the angle 2x - 90 degrees gives the relative phase retardation,
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A between the (p) and (s) components. 

4.9 ZSCA Apparatus 

The vacuum system is shown in Figure 20. The stainless steel 

preparation and experimental chambers were pumped by separate diffusion 

pumps Edwards Model BO4 charged with Santovac 5 oil (polyphenyl 

ether). The diffusion pumps were separated from the preparation and 

experimental chambers by liquid nitrogen traps. The diffusion pumps 

were backed by rotary pumps. 

The X-ray source was pumped by a Ferranti model FJO8 diode ion 

pump. Both preparation and experimental chambers could be backed. 

After backing and with the liquid nitrogen traps filled pressures of 

elton im one experimental and 407? torr in the preparation 10 

chamber could be obtained. For experimental requirements, deliberate 

oxidation of the sample was achieved by exposing the films to oxygen, 

or water vapour, at pressures between 407" ana 1074 torr, within the 

sample preparation chamber. Oxygen was admitted into the preparetion 

chamber through vacuum generators model GH7 viton s:aled valve. A 

sample could be transferred to the experimental chamber under the 

same vacuum where it was irradiated with X-rays with the result that 

electrons are emitted from atoms in the surface layer. Electron 

energies are characteristic of the atoms from which they have been 

emitted. The emitted electrons are analysed in the spectrometer and 

passed through the channel electron multiplier B419AL. The finel 

result is displayed by Bryans 26000 series X-Y recorder. 

In order to analyse the sample under the top film and also to 

study controlled growth of oxide and hydroxide films on films on 

aluminium foil he protective films were removed by Argon ion 

bombardment in the sample preparation chamber using ion tech B10 

ion gun.
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4.10 Electron Microscopes 

Bulk samples were examined in a Comberdge steroscan. The 

vacuum chamber was pumped by a diffusion pump backed by a rotary 

pump which is separated from the diffusion pump by a liquid nitrogen 

trap. 

The electron transparent samples were examined by JECL 1000 

TEMSCAN. Therefore it was possible to study the effect of underlying 

microstructure on the location of reaction using combined scanning 

transmission electron microscopy (S.T.E.M) and scanning electron 

microscopy (S.E.M). The maximum voltage at which the microscope 

can be operated in the STEM and CTEM modes is 120k volt and 100k 

volt for SEM. The CTEM image is obtained directly onto the screen 

whereas the STEM and SEM information is processed before it is 

displayed on a cathode-ray scope (C.R.S). 

Vacuum system is a conventional one, liquid nitrogen trap 

followed by diffusion pump backed by a rotary pump. A pressure of 

1076 torr could be obtained when the liquid nitrogen trap was filled. 

It was difficult to improve the vacuum because of the rubber seals 

used. Two samples could be mounted for examination at any one time. 

To reduce contamination there was an anti-contaminant system, 

which was filled with liquid nitrogen thereby producing a temperature 

difference near the sample. Therefore the carbon contamination was 

deposited on the cold surface and not the sample.
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CHAPTER 5 

  

EXPERIMEN 

  

L RESULTS AND DISCUSSION 

5.1 Aluminium hydroxide on aluminium sheet: Ellipsometry Results 

The changes in A and Y with time for exposure of aluminium 

sheet in the humidity chamber are shown in Figure 23a, b, c, d and in 

Table T and 2. Figure 23a shows the change in A against time of 

exposure at 70°C and 100? relative humidity. From Figure 23a we can 

see that the hydroxide growth on sample 3, which had a 99.3% purity 

heat treated at 300°C for 10 minutes had a higher rate of hydroxide 

growth than sample 4, (99.99%). Figure 23b shows the change in Y 

against time of exposure at 70°C and 100% relative humidity. From 

the Figure 23c we can see that the value of Y first increases 

significantly due to accumulations on the surface, which could be due 

to contamination or corrosion. 

Figure 23c and 23d shows the change in A and ¥ against time of 

exposure at 70°C and 100% relative humidity for two samples which were 

first heat treated at 200°C for 10 minutes. 

5.1.1 Scanning electron Microscope (SEM) Results 

Aluminium sheets which had been exposed to water vapour at 70°C 

and 100% relative humidity were examined in the SEM. An Figures 24a, 

b, c and @ are typical of the micrographs obtained. Figure 24a was 

taken from an aluminium sheet which had been cleaned with Phosbite 

and exposed to water vapour at 70°C for 20 minutes. Figure 24b was 

taken from an aluminium sheet which had been exposed to water vapour 

for a much longer period. Higher magnification of the pseudoboehmite 

island showed islands on island with bayerites included (Figure 24c). 

Figure 24d was taken in the SEM reflective mode of the same area as
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in Figure 24c. This micrograph shows much more clearly the bayerite, 

growing from the substrate. 

Aluminium sheet 99.99 and 99.93 percent pure heat treated 

200°C and 300°C for 10 minutes Table 1. 

Aluminium sheet (99.93% purity) 

  

  

heat treated at 200°C heat treated at 300°C 

Sample No./-, Sample No.3, 
exposure to exposure to 

merece | * |S  |retevancton | Y | D 
humidity (hours) humidity (hours) 

° 46.95 | 134.70 ° 46.0 | 133.9 

0.5 46.60 | 134.30 0.5 47.20 | 133.0 

1.0 46.65 | 133.95 1.0 47.10 | 132.1 

3.0 46.80 | 133.4 3.0 46.70 | 130.0 

6.0 46.80 | 132.9 6.0 46.80 | 127.9 

9.0 46.95 | 132.6 11.0 47.30 | 126.4 

12.0 46.75 | 132.15 14.0 47.20 | 125.2 

15.0 46.80 | 131.90 17.0 47.10 | 124.3 

18.0 46.85 | 131.85               
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Aluminium sheet (99.99% purity) 

Sample No. Theat treated Sample No. 2 heat treated 

  

  

at 200°C at 300 C 

Exposure to Exposure to 

arcana |W | A |rtcencrm |W | A 
100% humidity humidity 
(hours) (hours) 

° 47.1 134.3 0 46.75 | 152.4 

0.5) 46.95 | 134.0 0.5 46.85 | 130.9 

1.0 47.6 133.7 1.0 46.65 | 130.0 

3.0 47.35 | 132.5 3.0 46.55 | 129.2 

6.0 4.5 132.0 6.0 46.70 | 128.6 

9.0 47.25 | 130.5 9.0 47.0 128.2 

12.0 46.75 | 128.10 12.0 46.735 4 12738 

15.0 46.0 129.50 15.0 46.50 | 127.6 

18.0 45.4 129.2 18.0 46.53 | 127.2                
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jure 24a, SEM micrograph. 
Early stage of aluminium Figure 24b. SEM micrograph. Aluminium 
hydroxide film on aluminium h 
sheet. 

ydroxide film on aluminium sheet   

showing boehmite and bayerite. 
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5.2 Discussion: Growth of aluminium hydroxide on aluminium sheet 

For sheets of super purity (99.9%) and commercial purity (99.93%) 

aluminium, two different heat treatments resulted in different grain 

sizes. These experiments were conducted in order to establish whether 

differences could be detected by ellipsometry. From examination of 

Figure 23a, b, c, and d it is clear that different heat treatments do 

have an effect on the rate of growth of hydroxide films, but before 

aluminium sheets could be exposed to water vapour, the original 

protective oxide film formed during rolling, had to be removed to 

produce a ‘clean surface'. Phosbite was used to clean the surface 

and the action of Phosbite on oxide film is to chemically dissolve 

them, but it is not clear how and when the new protective oxide film 

was formed. It could have formed in the phosbite solution, but it is 

more commonly accepted that it is formed just after removing from the 

solution. 

Aluminium sheets were exposed to water vapour saturated air 

(WVSA) within 18 hours of cleaning. How thick the new protective 

oxide film was at that stage, was difficult to say, but later 

studies showed it to be 2 nm for both purities of aluminium with 

different heat treatment. It is evident from Figure 23a, b, c and d, 

that Y and A changes show rapid changes initially followed by a 

slow but continuous change. Figure 23b shows Y first increases 

followed by a rapid drop. whereas ¥ - changes in Figure 23c show 

e decrease, followed by an increase. These changes were difficult 

to explein, but after the aluminium sheets had been examined in 

SEM using EDX analysis, a possibility was suggested, that the 

starting surface was not 'clean', because when bayerite pillars were 

exemined there were large amounts of copper present and the only 

source of copper was the phosbite solution. Neat uaa obtained 

similer effects with silver films which had been deliberately



contaminated with 1 or 2% copper. 

5.2.1 Discussion: (SEM results) 

The micrographs showed that the aluminium hydroxide 

(pseudoboehmite) grows in the form of islands with bayerite within 

it Figure 24a. The islands grow in two directions Figure 25a, they 

become thicker and at the same time grow along the surface until they 

join up to form a continuous film as shown in Figure 24b and Figure 

25b. when e higher magnification of one of the islands was 

examined it was found thet there were pseudoboehmite islands on top 

of pseudoboehmite islands with bayerite crystals Figure ake. 

The same area examined in the reflective mode showed that the 

bayerite crystals grow from the aluminium substrate. This result 

3 was in agreement with the work of Scaman and Tucks on aluminium 

alloys reaction with WVSA at 70°C. A& cross-section through 

hydroxide film is shown in Figure 25c pseudoboehmite islands joining 

up to form a continuous film with bayerite pillars growing from the 

aluminium substrate. 

5.3 ESCA results: Aluminium hydroxide on aluminium sheet 

Figure 25a shows a general broad scan photo-electron spectrum 

obtained from an aluminium sheet with an aluminium hydroxide film 

grown for 50 hours in a humidity chamber at 70°C and 100% relative 

humidity Alk radiation was employed (hv = 1486 eV) and the electron 

kinetic energy was scanned from 500 to 1500 eV. The two peaks at 

1366.6 eV and 950 eV are readily identified from standard data as 

corresponding to A1,_ and 0. : levels respectively. These emissions 
2s 2 

are not the only ones observed. Emission from other levels and the 

plasmon effects were also observed Figure 25e shows photo-electron 

spectra obtained from the same sample as above but from a 

different expanded range. Figure 25f shows the plots of aluminium,
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| bayerite pillars 

    
  

25 («) 

Figure 25   
 



=o) = 

oxygen and carbon peak heights during etching of a sample which had an 

aluminium hydroxide layer grown on it. 

Table 3 gives the detailed results obtained from aluminium 

hydroxide film on aluminium sheet grown in a humidity chamber eat 70°C, 

100% relative humidity. 

  

  

Etch Aln, Alay O15 

time | O | A1|0:A1 
Peak 2 Peak 3 Peak 4 

min posn. width jposn. width |posn. |width 

2V 2V < <V VA 
  

  

0 103 | 14 | 2.25 |1366.6 | 2.4 1411.5 | 1.95 | 954.0 | 2.85 

0.5 | 74|12|1.88 [1366.6 | 2.85 }1411.5 | 2.30 954.2 | 2.85 

1.5 77:1 1211.96 11366.6 | 2.90 |1411.4 | 2.30 | 954.2 | 2.85 

5 62} 1111.73 |1366.6 | 2.90 |1411.6 | 2.40 | 954.2 | 2.80 

59112 41.58 [1366.4 | 3.00 |1411.6 | 2.30 | 954.2 | 2.75 

13 119 | 23 | 1.59 {1366.5 | 3.10 |1411.4 | 2.30 954.3 | 2.70 

25 52| 10} 1.60 |1366.5 | 3.10 |1911.5 | 2.30 |954.4 | 2.70                      
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5.4 Discussion of ESCA results obtained from aluminium sheet 

The results from the ESCA examination of sheets of aluminium which 

had been exposed to water vapour saturated air (WVSA) for 5 days at 

70°C showed that (Figure 25f) there was high level of carbon 

contamination on the surface, which decreased rapidly as the sample 

wes ion-etched. This contamination had probably arisen from the 

atmosphere and handling. 

The aluminium 25 peak position remained the same throughout 

etching, but the half-width of the aluminium 2s peak increased in 

magnitude with increasing etching time. This could have been due to 

the charging of the surface layer. The ratio of oxygen (corrected 

level) to aluminium (corrected level) decreased as the sample was 

etched. This suggests that the structure of aluminium hydroxide 

could be changing with thickness, but as the sample was further 

etched the ratio increased, Table 3. This can be explained by 

trapped aluminium in the hydroxide matrix, isolated from the aluminium 

substrate. Trapped aluminium in the A1 matrix, isolated from the 
25 

aluminium substrate has been reported by Barr a8 . 

5.5 Results: Evaporated aluminium films with copper contamination 

In previous experiments, aluminium sheets which had been cleaned 

with Phosbite, were later exposed to WVSA at 70°C and examined in 

SEM using the EDX analysis. High levels of copper contamination were 

found in some of the bayerite pillars. Therefore experiments were 

performed to investigate the effect of copper contamination. 

Pure aluminium films were evaporated, from a tungsten boat on to 

a glass substrate, which was at room temperature and a pressure of 

1076 torr. In the same vacuum a thin film 10 nm of copper was 

evaporated on to the aluminium film. The aluminium film substrate 

was masked so that not all the aluminium film was covered with copper
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Figure 24e, SEM micrograph. Figure 24f. SEM micrograph. Aluminium hydroxide film on Interface of aluminium/ glass substrate with thin copper film and aluminium 
(10mm) copper film deposited film after reaction with before reaction with WVSA. WVSA. 
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contamination. The samples were then heated in an oven at 100°C for 

2 hours. The sample was then exposed to WVSA at 70°C for 5 minutes 

and examined in SEM. The results are shown in Figure 24e, f, g, he 

Figure 24e shows the general view of the aluminium hydroxide film 

which had been contaminated with a thin 10 nm copper film. Figure 

24f shows the aluminium/copper film and aluminium film interface 

after reaction with WVSA. Figure 24g and 24h shows higher 

magnification of pseudoboehmite islands with bayerite pillars. 

5.6 Results: Neasurement of hydroxide film thickness 

The hydroxide film thickness measured by ellipsometry did not 

correlate with hydroxide film thickness estimated by Tuck (Appendix). 

Therefore it was decided to use an independent method of measuring 

film thickness. The technique chosen was interferometry as developed 

by Tolensky 8 . 

Two aluminium films were simultaneously evaporated on to glass 

substrate under a vacuum system of a pressure of 10-® torr. Both 

films were of the same thickness and one of the samples was used for 

thickness measurement by interferometry. Other pairs of film 

covering a range of thickness were also prepared. The second sample 

of each pair was placed in a humidity chamber, examined visually 

after every 15 minutes. After a certain length of time the film 

becomes transparent, for aluminium hydroxide k = 0, and the time 

taken to achieve this was noted. The precise time when the film 

became transparent was important in determining reaction rates so 

the technique was refined, Chapter 4.1. 

The results are shown in Figure 25g and Table 4 which gives the 

times for aluminium films of different thickness to react completely 

to aluminium hydroxide.
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Tatle 4 Hydroxide film thickness against time of exposure. 

Time of exposure 
to water vapour 

Aluminium hydroxide saturated air at 
film thickness nm, 70 _C in minutes. 

oo 26 

4b 50 

55 &0 

56 90 

102 650 

123 2000 

15k 3200
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5.7 Results: Aluminium hydroxide films grown on gold anc glass 

Substrate 

Since aluminium is reactive it is difficult to characterise a 

surface without the presence of an oxide layer. Some experiments were 

conducted by depositing aluminium on gold, the optical constants of 

which were first measured. Aluminium hydroxide film thicknesses were 

measured as indicated by interferometry (Tolansky) . - It was also 

possible to evaluate the thickness from ellipsometer readings since 

the films were on a gold base, the optical constant (ny k,) of 

which had previously been measured. By using 4 value n, for the 

hydroxide film, values of and A were computed for various 

hydroxide thicknesses on gold. A "best fit" was found for films of 

various thicknesses. The increase in thickness from the aluminium 

metal to the complete hydroxide leyer was also measured. Table 5 

shows thicknesses of hydroxide measured by ellipsometry and by the 

interference microscope and the original metal film thickness 

measured by the interference microscope together with changes in 

instrument parometers for increased thicknesses of aluminium 

hydroxide on gold. 

The instrument settings for the film free gold base, Y and A 

were equal to 40.7° and 119.6° respectively at a wavelength of 546 nm 

giving n= 0.48 + 0.005, k, = 2.54 t 0.4 for the gold leyer at an 

angle of incidence of 64.2°. 

Figure 26a, b and ¢ show stereoscan photographs of aluminium 

hydroxide on glass and gold. Examination of the specimens using a 

step scan X-ray diffractrometer, with Cobalt K radiation showed 

that both the base gold films and the superimposed aluminium films 

had a preferred orientation in the (III) direction. Examination 

of the aluminium hydroxide showed a weak line at 20 = 18.4.
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Figure 26b. SEM micrograph. 
Thin aluminium hydroxide 
film on glass substrate. 

    
Figure 26c. § 

aluminium hydroxide filn 
lass substrate. 
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5.8 Discussion: Aluminium film with copper contamination 

Examination of the SEM micrograph, Figure 26b showed that the 

aluminium hydroxide on aluminium film was initially in the form of 

islands, and increasing to form a continuous film similar to the 

hydroxide film on aluminium sheet, Figure 24b. 

Therefore the mechoos™with which the hydroxide film grows on 

aluminium sheet and evaporated aluminium film must also be similar. 

Presence of copper increasesthe reaction rate, which can be seen 

from Figure 24f, showing a higher magnification of the interface of 

aluminiuz/copper film and aluminium film, but the structure of islands 

was similar to the islands on pure evaporated aluminium films and 

eluminium sheet. 

Higher magnification of the pseudoboehmite islands showed 

bayerite like crystals which were also similar to the bayerite 

pillars on aluminium hydroxide film grown on aluminium sheet. 

5.8.1 Discussion: Measurement of hydroxide film thickness 

Since the hydroxide film thickness measured by ellipsometry did 

not correlate with hydroxide films thickness estimated by Tuck, an 

independent method, interferometry as developed by Tolansky, for 

measuring film thickness was used. 

One of the reasons why there was an apparent discrepancy between 

the measurement of hydroxide film thicknesses, was that Tucks 

estimation of hydroxide film thickness values, in the same range as 

ellipsometry values, were based on thick hydroxide film which had been 

developed by exposure to WVSA at 70°C for 20 days. Tuck repeated his 

technique using aluminium film, as in this work, in the thickness 

range of 10 nm to 300 mm. His results obtained from these 

experiments confirmed the results in Table 4. Therefore it was 

concluded that a different mechanism operated for the development of
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thick layers of hydroxide film. The film thickness reaches a limit 

by one mechanism and the process is taken over by another mechanism. 

It is difficult to say which are the mechanisms operating for film 

growth of less than 0.5 pm. 

Film thicknesses measured by the Transparency technique and 

ellipsometry agreed within experimental errors, Figure 25g. 

Therefore it is concluded that ellipsometry can be satisfactorily 

used for measuring hydroxide film thickness in the early stages of 

growth. 

5.8.2 Discussion: Aluminium hydroxide films on gold and glass 

substrate 

The film free gold base yielded initial values of Y and A 

which were substituted into equation 3.22 and 3.23 to evaluate the 

optical constants n5 and k, for the surface. Using these computed 

constants and a two layer programme, values of the angles Y and A, 

were computed for composite surfaces of varying aluminium hydroxide 

thicknesses on gold and on assumed value of refractive index for the 

hydroxide. Figure 27a shows a plot of measured Yy and A for the 

eight Aluminium hydroxide films together with computed values of WY 

and A using various values of refraction index for aluminium 

hydroxide assuming k = 0. It can be seen from Figure 27a that in all 

cases where k = O @ complete loop is formed in that when very thick 

films are measured Y and A values repeated themselves. 

There are two samples (7 and 8) for which the measured 

ellipsometric parameters do not lie on any of the computed closed 

loops. Figure 27b shows similar plots but in each case with a value 

of k, = 0.0009 (i.e. a small absorption is assumed). It can now be 

seen that 7 and 8 lie on curves with n, values between 1.55 to 1.60 

and ky = 0.0009. This represents the best fit for thicker aluminium
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hydroxide film i.e. thicker than about 80 nm. when the optical 

parameter W and A for films less than 80 nm are plotted on the 

computed graph where kK, = O there is better agreement between the 

computed thickness and measured thickness by interferonetry. It would 

appear therefore that in these early stages of growth the optical 

constants for the hydroxide at a wavelength of 546 nm are 

ny = 1.58 2 0.03 and k, = O and for thicker films the constants are 

given by n, = 1.58 0.03 and k, = 0.0009. 

The optical constant of aluminium hydroxide film, prepared under 

these conditions have not been reported in the literature. However, 

the optical constants of electro-polished aluminium, reacting with hot 

circulating water has been reported by Barrett fe. to be n, = 1.60 

k, = 0. 

Alwitt ? has shown that the reaction of water with aluminium for 

temperatures less than 90°C produces an outer layer of bayerite 

crystals with ean inner layer of pseudo-boehmite and the other forms of 

aluminium hydroxide are only produced at higher temperatures. 

As already mentioned the step scan X-ray diffractrometer showed 

a weak line at 20 = 18.4° using Cobolt % radiation which was assumed 

to be pseudo-boehmite, since the aluminium hydroxide in this was 

formed at 70°C. 

The structure of aluminium hydroxide on glass and on gold films 

can be seen from Figure 26a, b and c. The micrographs 26a, 26c shows 

the island structure and also the porous nature of the hydroxide films. 

Figure 26c shows thin aluminium hydroxide film on glass substrate this 

micrograph also illustrates the islend structure of early stage of 

growth. 

The sensitivity of the method for determining the constants of 

the superimposed hydroxide layer depends on the relative optical 

constants of the base and film. It is also important that the base
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material is non reactive and this was the reason for suggesting either 

gold or platinum. Calculations have been made for four base materials 

% né the results are illustrated in Figure 27c. A glass substrate is 

least sensitive followed by gold, tantulum and pletinum. Although an 

oxide layer of the order of 1 nm forms on tantulum when exposed to 

the atmosphere (Ayuado-Bombin and Neal 162 ) it could be employed 

as a base since it has been shown by Kunivek and Melmed 163 that in 

many cases of film growth on metal it is possible to use pseudo 

constants for a surface prior to subsequent film growth subject to 

certain limitations. 

5.9 ESCA Results: Semples exposed in vacuum 

Aluminium sheets and eveporated aluminium film evaporated on to 

etched sheet, (vacuum pressure during evaporation refer to section 

4.5) exposed to water vapour ‘in situ' were examined in ESCA, using 

MeKe. radiation, Table 5 shows ESCA results of tests obtained from 

aluminium sheet which had been electro-polished and stored in dry air 

for 5 days and subsequently etched to get profile analysis. The 

results show film thickness calculated using Fadley's expression: 

+ TE AEMAD A (2) Sin @=t 

N t (8) (2) (41,03) 

nt’ (0) area under the aluminium oxide peak 

nt’ (0) area under the aluminium metal peak 
0 

A (241 escape depth of electron in aluminium metal 

Ag(B) (41305) escape depth of electron in alumin oxide 

t = film thickness 

It was possible to calculate film thickness using different 

values of electron-escape depth in aluminium oxide and metal. 

Table 6 shows data obtained from an aluminium sheet which had
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been 'cleaned' by ion etching and exposed to water vapour ‘in situ’. 

The exposures are in Langmiurs where one langmiur = 10° torr sec 

exposure. 

Table 7 shows ESCA data obtained from evaporated aluminium 

‘in situ' and exposed to oxygen. Film thicknesses were obtained 

by assuming different escape depths. 

Table & shows ESCA data obtained from evaporated aluminium 

film which have been ion etched and exposed to water vapour and 

oxygen ‘in situ'. 

Figure 28 shows the aluminium 2p peak obtained from an 

aluminium sheet which had been electropolished and stored in dry 

air for 5 days. The sheet was then ion etched, Figure 28a shows 

the aluminium oxide and aluminium metal peak after various 

etching periods. Figure 28b shows the aluminium metal peak with a 

small aluminium oxide peak but after further etching the only 

peak which remains is the aluminium metal peak. Figure 28c shows 

the aluminium metal and oxide peaks after exposure to oxygen in 

Langmuirs. The aluminium oxide peak increased in magnitude. 

Figure 28d shows aluminium metal and oxide peaks after longer 

exposures. 

Figure 282 to 28b are of aluminium oxide and hydroxide film 

thickness against exposures in Langmuirs. Film thicknesses are 

calculated by assuming different values for the electron escape 

depth.



=tiv= 

  

  

   

   

   

   

      

Aluminium oxid 
peak 

Aluminium metal 

peak 

Aluminium oxide peck 
after 5 days exposure 
to oxygen at 

atmospheric pressure       
10 seconds of 
ion etching   

30 seconds of 
ion etching 

5 minutes of 

ion etching 

Figure 28a: Aluminium oxide and metal 2p peeks efter various 
stages of ion etching 
   



  

  

Aluminium oxide 
   

peak 

    
30 minutes ion etching     
40 minutes ion etching 

60 minutes ion etching 
(pure metal peek) 

  

Aluminium oxide and metal 2p peak, after various stages 
of ion etching 
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f Aluminium 
metal 

peak 

  
(Pure metal peak)     

  

  
10L       100L 

300L       

Figure 28c: Aluminium oxide and metal 2p peak, after various stages of 

exposure to oxygen
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350L     
500L 

1200L 

2600L       
Figure 28d: Aluminium oxide and metal 2p peak, after various stages of 

exposure to oxygen
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TABLE 5a 

Sample Treatment A B Cc D 

Area of | A1,0, Peak 7 100 100 76 

Al5, Peak | A1 Peek a5) 13 26 59 

4&1 Metal Peak Positionvey 1180.4 | 1179.8 | 1180.0 | 1180. 

41 Metal 3 width eV 1.40 1.40 1.40 1.40 

fluminium oxide peak 4 eee aay 1177.0 1177.0 1177.4 1178.4 

Aluminium oxide } width 4.80 2.0h 2.04 2.16 
ev . . . . 

Oxygen peak position eV ee 722.5 722.5 722.5 722.6 

Oxygen 4 width 5 
eV main 2.4 2.3 2.25 2.4 

Film (a1 203)=1 -63nm 

. . 4. 
Thickness (A1)=2.36nm © 2.45 a e 

using (a1 203)=1 630m 

Fadleys (A1)=2.5nm 2 acd ay 1h 

Expression| (41,0) =2.5nm 
3 0 3.82 2.8 1.5 

for (A1)=2.5nm 

@ = 45° 

Ellipsometric data . 3.90 ~ * 
Film thickness in nm 3 

A = Aluminium sheet which had been electropolished and kept in 

oxygen for 5 days, 

B = Ltched for 6 seconds, C = Etched for 40 seconds, 

D = Etched for 60 seconds.   
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Sample Treatment E F G 

Area of 41,0, Peak 60 9 2 

Al, Peak | A1 Peak 78 4h 43 
29) 

pave ee ed 1181.48 | 1182.08 | 1182.0 
Position eV 

Aluminium Metal 7 width 4.68 aut aah ey ° . . 

een Cee 1179.1 | 1180.0 | 1180.0 
position eV 

Aluminium oxide ¢ width 2.16 2.16 2.16 
ev 

Eee co ton 722.4 722.6 722.5 
main 

Oxygen 3 width os 2.4 2.4 
ev main 5 i‘ . 

Film (41,03)=1.65nm 0.8 0.27 0.26 

thickness (A1)=2.36nm 

using (A1 Boge .63nm 

le ° oO. 
Fadleys (A1)=2.5nm 0.79 oe 3 

Expression| (a1 20s) =2.5nm 
for 1.01 0.33 0.32 

(A1)=2.5nm 

e=45° 

Ellipsometric data x * 
Film thickness in nm 

  

eB " Etched for 160 seconds, 

Q " Etched for 60 minutes   Etched for 40 minutes 

  
 



et eor 

TABLE 6b 

  

  

  

  

      
  

  

  

  

  

    
  

  

  

    
thickness in nm       

Sample Treatment E F G 

Area of 41,0, Peak 14 15 14 

Aly, Feak| A1 Peak 33 30 28 

Area ofois| Main peak 31 32 30 

Peak Secondary peak 22 21 ak 

Aluminium Metal Peak 1181.6 1181.0 1181.1 
Position eV 5 % i 

Aluminium Metal 3 width 4h 4.40 4.40 
ev 

abet ae Ghat 1179.08 | 1178.2 | 1178.6 
Position eV 

Aluminium oxide 3 width 2.16 2.04 2.16 
ev 

Oxygen peak | Secondary 720.5 719.6 720.3 

Hoss On| Mein 722.2 721.4 721.8 

Oxygen + width eV main 2.22 2.04 2.04 

Film (A1,0,)=1.63nm 
2 0.51 0.6 0.6 

thickness (A1)=2.36nm 

using (41,0,)=2.0nm 

0.60 0.6 0.6 
Fadleys (A1,0,)=2.5nm ¢ 2 8 

Expression] (41,0,)=2.5nm 

5 ° 72 o=45° (A1)=2.5nm oe Sefe ov, 

Ellipsometric data film 0.65 0.85 4.0 

  

ice
] " 

aQ
 " 120L exposure (#30)   3OL exposure (H,0), F = 60L exposure (#50) 
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‘ABLE 6a 

  

  

  

  

      
  

  

  

  

  

    
  

  

  

                

Sample Treatment A B Cc D 

Area of Ala, 41,0, Peak 12 16 18 12 

Peak Al Peak 35 29 32 4 

Area of O1S | Nain Peak 100 46 46 23 

Peak Secondary Peak 9 18 22 22 

Aluminium Metal Peak Position eV 1180.64 | 1181.4 1182.0 1181.36 

Aluminium metal 3 width 1.50 4b 1.40 41.44 
ev 

Aluminium oxide peak 1 11 4 cai tion ey, 78.5 78.9 179.6 1178.7 

Aluminium oxide 3 width 2.16 2.28 2.1 1.8 ev . . . . 

Oxygen peak | Secondary 217.5 720 721.4 721.1 

ee main 721.0 | 722.0 | 722.8 | 722.8 

Oxygen 3 width eV main 2.4 2.3 2.16 2.04 

Filn (41,0,)=1.63nm 
0.43 0.62 0.63 0.37 

thickness (A1)=2.36nm 

using (41,03)=2.0nm 
0.5 0.74 0.75 0.4 

Fadleys (41,0. )=2.5nm 
2 

Expression (41,03)=2.5nm 
a 0.52 0.78 0.79 0.45 

O=45) (A1,0,)=2.5nm 
3 

Ellipsometric data film 
thickness in nm Oe7Z Oee S 0.55 

A = Aluminium sheet, etched clean and 10L exposure (8,0) 

B = 60L exposure 

C = Sample was etched clean and given 60L exposure total (#0) 

D = Sample was etched clean and given 10L exposure total (3,0) 
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thickness in nm       

Sample Treatment H r J 

Area of 41,0, Peak 15 15 20 
3 

AI, Peak} A1 Peak 27 25 By 
P 

Area of O1S| Main peak 29 30 89 

Feak Secondary peak 20 23 36 

Aluminium Netal Feak 
Position eV 1180.6 1180.9 1180.9 

Aluminium Metal 4 width 4.40 4.40 4.40 eV . . . 

Aluminium oxide position 1178.1 1178.3 1178.1 
ev . a . 

Aluminium oxide 4 width ovo) 2.04 2.04 
ev . . . 

Oxygen peak Secondary 719.8 719.9 719.7 

eee Main 721.04 721.7 721.6 

Oxygen % width eV main 201 2e4 2.04 

Film (A1,0,)=1.63nm 

thickness (A1)=2.36nm oe goce oreo 

using (41,0,)=2.0nm 

° oO. oO. 
Fadleys (A1)=2.6nm o2 © ce 

Expression] (A1,0,)=2.5nm 

oaks? (A1)=2.5nm 0.78 0.83 0.82 

Ellipsometric data film 1.18 1.48 fe 

  

J   H = 300L exposure (H,0), I = 1800 exposure (H,0) 
2 

Sample was etched clean and given 300L exposure total (8,0) 
  

 



io 

TABLE 7a 

  

  

  

  

      
  

  

  

  

  

    
  

  

  

                

Sample Treatment A B Cc D 

Area of | AL_0, Peak 23 21 19 18 

Al, Peak | Al Peak >) ? 7 8 
P 

Area of Ols] Main Peak 4o 50 5k 67 

Peak | Secondary Peak 44 16 18 18 

Aen tet Best. 1181.0 {1181.1 | 1181.0 | 1181.0 
Position eV 

Aluminium Metal 7 width ev 4.4 1.5 1.5 1.4 

advent astm ode position 1178.5 1178.3 1178.3 1178.3 

Aluminium oxide 3 width 2.2 2.3 ao 2.3 ev . ° = . 

Oxygen peak | Secondary 719.7 720.2 719.6 719.5 

Be on) |Piedn 721.4 | 722.2 | 727.6 | 727.4 

Oxygen 4 width eV, main 2.6 2e7 2.5 2.6 

Film (41,03)-1 -63nm 

31 ° . . 
thickness (Al)=2.36nm O:2 Cp eee oo, 

using (A1,0,)=2.Onm 
3 0.34 0.49 0.54 0.63 

Fadleys (Al) =2.5nm 

Expression ( A1,03)=2 .onm 

gah5° (Al) =2.5nm 0.35 0.51 0.56 0.65 

Ellipsometric data film 
Thickness in nm = 8.) 0.62 oe 

A = Aluminium film, evaporated in ESCA system 

B = 10L exposure of oxygen 

C = 30L exposure of oxygen 

D = 140L exposure of oxygen 
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TABLE 7b 

  

  

  

  

      
  

  

  

  

  

    
  

  

  

    
Thickness in nm       

Sample Treatment E F G 

Area of 41,05 Peak 17 16 16 

Alas Peak | Al Peak 8 9 10 

4Srea of 015] Main Peak 58 67 70 

Peak | Secondary Peak 18 18 20 

Aun tal bee 1181.0 | 1181.0 | 1181.0 
Position eV 

Aluminium Metal 3 width 1.4 4.4 4.4 
ev 

2 amet cme Position 1178.3 4178.2 1178.2 

—— + width 2.2 2.2 2.2 
e 

Oxygen Peak | Secondary 719.2 720.2 719.5 
position 

ev Main 721.4 722.2 721.4 

Oxygen % width eV, main 2.5 2.5 2.6 

Film (A1,03)=1 -63nm 

thickness (A1)=2.36nm oe Soe oe 

using (41,03)=2.Onm 

Fadleys (Al)=2.5nm Os65 0-75 0.82 

Expression (A1,0,)=2.5nm aoe Ae ae 

for @=45° (Al)=2.5nm 

Ellipsometric data film 4.1 1.3 1.5 

  

E = 320L exposure of oxygen 

F = 1220L exposure of oxygen 

G = 7000L exposure of oxygen      



  

  

  

  

  

    
  

  

  

  

  

  

    
  

  

  

                

Sample Treatment A B c D 

Area of 41503 Peek 28 20 18 16 

Alay Feak | Al Peak - 2 8 9 

Area of 0IS| Main Peak 13 53 60 70 

Peak | Secondary Peak 2 a2 12 15 

eee Baa 1181.2 | 1181.1 | 1184.4 | 1981.1 
Position eV 

ee 4 width 1.4 4.4 404 4.4 

Aluminium oxide position a4 1178.5 1178.5 1178.5 
ev . . . 

a 3 width _ 2.2 2.2 2.2 

Oxygen Peak | Secondary 719.5 719.1 719.2 719.4 
position 

ev Main 722.2 722.2 721.8 721.5 

Oxygen 2 width eV, main 2.7 2.7 eee 2.7 

Film (41303)=1.63nm 
- 0.47 0.57 0.69 

thickness (A1)=2.36nm 

using (A1,0,)=2.0nm 
ee E 0.51 0.63 0.95 

Fadleys (Al)=2.5nm 

Expression! (A1,05)=2.5nm 
- 0.53 0.65 0.79 

for 6=45° (Al)=2.5nm 

Ellipsometric data, Film 1.1 
Thickness in nm eee Gees ae 

& = Aluminium film evaporated in ESCA system and etched for 5 mimttes 

B = 10L exposure of oxygen 

C = 120L exposure of oxygen 

D = 1200L exposure of oxygen 
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Sample Treatment E F G E 

Area of 41,03, Peak 26 18 16 16 

Alay Peak | Al Peak - 8 8 g 

Area of 01S} Main Peak 4o 68 70 23 

Peak | Secondary Feak a 17 ag 16 

Aluminium metal peak position eV 1181.0 1181.0 1181.0 1181.0 

Aluminium metal 3 width 4.4 4h 4h 15 
eV 

Aluminium oxide position 
ev - 1178.2 1178.2 1178.2 

Aluminium oxide 3 width ev 2.2 2.2 2.2 

Oxygen 
Peak Secondary 719.4 719.2 2719.2 719.3 
position 

ev Main 721.8 721.4 721.4 721.4 

Oxygen 3 width eV, main 2.7 2.7 2.7 2.7 

Film (A1,0,)=1.63nm 
23 _ 0.57 0.63 0.69 

thickness (Al)=2.36nm 

using (A1,0,)=2.Onm 
ei = 0.63 0.69 0.75 

Fadleys (41)=2.5nm 

Expression (41303)=2.5nm 
- 0.65 0.72 0.79 

for o=45° (Al)=2.5nm 

Ellipsometric data, Film hi ineee 4s ne - 0.60 1.10 1,50 
  

minutes, 

F = 151 exposure (H,0), 

G = 300L exposure (#50) 

H = 1200L exposure (H50)   E = Aluminium film evaporated in ESCA system and etched for 5 
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5.10 Ellipsometry Results obtained from aluminium sheets and 

evaporated aluminium films in vacuum 

Aluminium sheets and evaporated aluminium films which had been 

  

exposed to water vapour or oxygen 'in situ' were examined by 

ellipsometry at a wavelength 546 nm and an angle of incidence of 

64.19, 

Table 9 shows the variation of y and A for samples of 99.9%: pure 

aluminium sheet which has been etched with Ar’ ions (4k volts 

40 A beam current). 

Sample 1 

A +05 122.02 138.76 9141.56 «9143.84 = 143.55 

Se esl) 39.75 43.1 43,32 43.50 43.60 

Etch time (mins) ° 80 120 190 240 

Sample 2 

A +-05 122.60 132.66 140.45 143.8 143.48 

w £.05 441,81 40.93 43.37 43.4 43.6 

Etch time (mins) ° 35 110 180 250 

Sample 3 

Df s05 123.4 138.95 138.80 143.37 143.56 

wy tos 39.9 42,29 42.85 42,89 43.0 

Etch time (mins) ° 30 60 150 210 

Sample 4 

A +t-05 121.30 137.20 142.40 143.4 143.60 

y t-05 38.6 37.0 43.2 43.4 43.8 

Etch time (mins) ° 90 116 195 260



Sample 5 

A 2°05 

yt 205, 

Etch time (mins) 

Sample 6 

A t-05 
y tes 

Etch time (mins) 

Sample fe 

A t:05 

YW t.0s 

Etch time (mins) 

125.35 

40.80 

120.2 

37.4 

121.7 

41.2 

“niger 

132.10 

43.1 

ho 

134.15 

39-75 

65 

137.2 

40,8 

80 

140.2 

42.17 

90 

142.1 

42.6 

110 

142.9 

43.8 

175 

143.0 

43.2 

185 

143.35 

43.35 

185 

143.65 

4h .O 

295 

143.75 

43.65 

285



Table 10 shows the variation of Yy and A for samples of 99.99%. 

aluminium sheet which had first been heated at 350°C for 15 

= 133 - 

* 3 y + : ae = 
air and then etched with Ar ions. 

Sample 8 

A tos 

w t-05 

Etch time (mins) 

Sample 9 

A tos 

Wy 1-05 

Etch time (mins) 

Sample 10 

LB 2-05 

y ros 

Etch time (mins) 

Sample 11 

Av 5-05 

y 7-05 

Etch time (mins) 

Sample 12 

A t-05 

y +05 

Etch time (mins) 

115.15 

43.34 

115.13 

39.9 

115.13 

32-2 

107.9 

42.67 

119.22 

40.12 

138.68 

43.09 

150 

138.9 

42.29 

160 

138.90 

42.85 

go 

127.61 

41.37 

20 

137.4 

44.2 

65 

139.67 

42.03 

185 

140.09 

43.44 

205 

139.45, 

42.90 

120 

135.39 

43.49 

85 

141.65 

42.46 

105 

142.33 

43.1 

210 

14443 

43.4 

230 

140.140 

4a 86 

150 

140.06 

43.29 

4145 

444 

he 

165 

+958 

91 

pure 

mins in 

143.61 

43.2 

285 

143.45 

43.42 

290 

191.43 9 143.47 

93.0 43.0 

210 300 

142.50 143.50 

43.40 43.8 

230 310 

142.35 143.42 

43.3 

325 

43.32 

245
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Table 11 shows the variations in y and AV as etched 99.99} pure 

a4 
aluminium sheet was exposed to water vapour at pressures between 10 

to 4078 torr. 

  

Sample 1 

W top A t-05 a iiupsmeey 3 00" 

43,60 143.55 ° c 
43.55 142.99 10 Coe 

45,60 142.86 30 ae? 
43.62 142.72 90 0.60 
43,68 142.42 250 te 

43.70 142.36 900 q12 
43.74 142.01 2 x 10° 1.50 

Sample 2 

W tos Aros Beem suraue mines yo 
43.60 143.48 ° o 
43.64 142.95 10 92) 
45,68 142.84 30 cae 
43.70 142.69 90 0.74 
43.70 142.46 200 1,00 

43,67 142.36 900 200 
43.75 142.02 4.2x107 4.h2
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Sample 3 

Whos Atos “tenemirs  milspocantey # 7 
43,00 443.56 ° 0.0 

43.20 143.00 10 0.53 

43.24 142.87 30 0.66 

43.30 142.73 90 0.78 

43.40 142.47 300 1.03 

43,45 142.39 800 Neila 

43,40 442.4 1,2x107 4.42 

Sample 4 

Pros A\t05 ikemize  Eilipsonetry:¢ 67 
43.80 143.60 ° 0.0 

43.90 443.04 10 0.54 

43.85 142.91 30 0.67 

43.90 142.77 90 0.78 

43.94 142.48 250 1.06 

44,00 14244 900 a1 

4b .05 442.03 2x10? 1.51 

Sample 8 

tos Atos Eigrat, “ithinetrssy 
43.20 143.61 ° 0.0 

43.27 143.05 10 0.53 

43.32 142.92 30 0.65 

43.30 142.52 200 0.96 

43.40 142.42 900 1.15 

43.45 442.12 4.2x107 1.45



= 136 = 

Sample 9 

tos A + 05 Exposure Hydroxide Thickness 

  

Lengmuirs Ellipsometryt 5 7 

43.42 143.45 ° 0 

43,45 142.89 10 0.54 

43.40 142.76 30 0.66 

43.50 142.61 90 0.78 

43.50 142.36 300 1.04 

43.50 142.29 800 4.44 

43.55 141.95 1.2x107 1.48 

Sample 10 

ros ~ Atos tnemare illipsonetzy 2 5% 
43.0 143.49 ° ° 

43.1 142.92 10 0.52 

43.15 142.78 30 0.66 

43.18 142.65 90 0.80 

43.18 142.40 200 1.06 

43.20 142.29 900 1.17 

43.20 441.94 2x10? 1.30 

43,25 141.77 7x10? 1.70



  

Sample 11 

Hydroxide Thickness 

t-05 Atos oe Eltinsenctey aie a, 

43,80 143.50 ° ° 

43.80 442.95 10 0.55 

43,85 142.86 30 0.64 

43.90 142.60 200 0.90 

43.85 142.49 300 10) 

43.90 142.16 1x107 4.34 

Sample 12 

Hydroxide Thickness 

Wr +05 Arts as wilipsometry +5 "6 

43.3 143.42 2 C.2 

43.31 143.21 10 0.5 

43.30 942.89 30 0.62 

43.40 142.78 200 0.90 

43.45 142.51 300 1.00 

43.47 442 ke 4x10? 1.32 

43.5 142.08 x10? 1.50 

43.5 141.68 3x10" 1.72
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Table 12 shows the variations in y and A as etched 99.9% pure 

aluminium foil was exposed to oxygen at pressures between 1074 to 

<2 
10 torr. 

Sample 5 

Ye9s A = -O5 Exposure 
Langmuirs 

Hydroxide Thickness 

Ellipsometry nm 25 

  

  

44.10 143,45 ° ° 

4.10 142.92 10 0.51 

44.15 142.82 30 0.60 

44 .CO 142.55 200 0.88 

4b 20 142.45 300 0.98 

44.20 142.13 4x10? 1.28 

Sample 6 

Exposure Hydroxide Thickness 
Yr-05 At-o5 Langnuirs Ellipsometry nmt5 Wh 

44 O 143.65 ° ° 

44.10 143.09 10 0.54 

44.10 143.01 30 0.61 

4h 15 142.87 90 0.74 

44.20 142.71 250 0.90 

415 qh2,42 900 q21 

4.20 142.17 het? 1.40 

Sample 7 

Exposure Hydroxide Thickness 
t-05 At-o5 Langmuirs Ellipsometry amt 5 

43.65 143.95 © c.0 

43.70 143.19 10 0.54 

43.80 143.09 30 0.63 

43.85 142.80 200 0.93 

43.90 142.68 300 1.05 

43.95 442.38 4x10? 4.34



Table 13 shows the variations in Yy and A for an evaporated 

aluminium film, on aluminium foil as a substrate, and exposed to 

oxygen. 

Hydroxide Thickness 

Y tos At-25 a pauipetue try + 57, 

4A 10 14h 12 ° 0.0 

44.10 143.6 10 0.50 

44.16 943.441 50 0.75 

44,20 143.03 400 1.08 

4h. .20 142 82 2x10? 1,32 

hk.30 442.52 4x10" 1.60 

  

Table 14 shows the variations in Y and A for an evaporated 

aluminium film, on aluminium foil as a substrate, and exposed to 

water vapour 

Hydroxide Thickness 

Ue 05 = \tos one Eineonetry 2s vA 

4.13 144.23 ° ° 

4.18 143.69 10 oe 
hk.20 143.36 70 Cee 
4.25 143.09 300 ee 
4.30 142.9 1x10? 1:23 
hb HO 142.58 6x10? 1.62
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5.11 Discussion of ESCA results 

In situ experiments in the ESCA apparatus were performed to 

measure the thickness of oxide and hycroxide films and their 

structure on aluminium sheets and evaporated aluminium films. 

For experimental purposes oxide and hydroxide films were grovm 

under controlled conditions. Before these experiments could be 

performed on aluminium sheets, the protective oxide films were 

removed, ‘in situ' by Argon ion etching with an accelerating voltage 

of 4kV and ion beam current of 40 uA. After etching the sample was 

transferred to the analysing chamber where the aluminium 2p peak 

was examined. As can be seen from aluminium 2p peak Figure 28a, 

etching removed the aluminium oxide film. Etching was continued 

until the aluminium metal peak was the only peak observable Figure 23b, 

but when the oxygen pea’. was examined, oxygen was still found to be 

present on the surface Figure 28e. 

The origin of oxygen on the surfgce could be due to the oxygen 

in the solution of the metal (Hansen and Anderko ©") or it could be 

due to the adsorption from the vacuum system. The second possibility 

can be ruled out because the pressure in the analysing chamber was 

1079 torr or less and at this pressure it would take approximately 

10° seconds to form a monolayer of adsorped oxygen. There is another 

possibility to explain the origin of the oxygen present on surface. 

During ion etching a number of different mechanisms are operating 

(McCraken). One of them is the knocking/eurface atoms into the 

matrix. This could be one explanation of the oxygen presence even 

after the aluminium oxide peak had disappeared. But with continual 

etching, oxygen from this origin should also be reduced to 

undectectable levels. This was found not to be the case. 

For experimental purposes the sample was etched until the level 

of oxygen peak reached a plateau and this was taken to be the
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starting surface. Producing a 'clean' starting surface by ion 

etching technique may give a clean surface from the point of view of 

the surface composition. But structurally it is different, in that 

there are dislocations and vacancies induced by ion etching (NcCraken). 

Deliberate oxidation, for experimental purposes, was achieved by 

bleeding in dry oxygen between pressures of aoe to a0" torr . 

79 
believed 

4 
This pressure range was chosen because, Haber and Kirk 

that the oxide formed within the pressure range of 1077 to 107 

torr was structurally different to oxide formed at higher pressures. 

As will be discussed, there was no evidence for it. Hydroxide films 

were grown by bleeding in (#50) water vapour from a weler reservoir 

which had been continuously pumped for 3 hours at a pressure of 107" 

torr. This removed the adsorlved oxygen in water. 

after each exposure in Langmuirs, the sample was transferred to 

the analysing chanber, under the same vacuum, where it was analysed 

for the growth of oxide and hydroxide film by recording the spectra 

of oxygen and aluminium 2p peak. 

During exposure to X-ray radiation there was a temperature rise 

but this was small compared to the initial heat treatment given to 

the aluminium sheet, therefore damage caused by X-ray radiation to 

the sample must have been minimal. 

5.11.1 Discussion: Oxide and hydroxide films on aluminium sheet 

To calculate the oxide and hydroxide film thickness from the 

ESCA results he first step was to resolve the aluminium ep peak 

into aluminium oxide and aluminium metal peaks, Figure 29e. This 

was done by using a curve resolver. Once the peak was resolved it 

was possible to measure the relative areas of aluminium oxide and 

aluminium metal under the peaks. When one examines the equation 3.9 

4 
which is simplified from Fadleys expression he » to calculate the
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oxide of hydroxide film thickness only the ratio of the area under 

the aluminium oxide and aluminium metal peaks is required. 

area under the aluminium oxide peak A.(2) (4D) 

area under the aluminium metal peak /\ (2) (A1.0,) 
e 2-3 

  +71 N@) sin 45° 

= t (Film thickness) 

The other parameters required to calculate film thickness, are the 

attentuation length or escape depths of electron in aluminium metal and 

aluminium oxide. 

These were taken from the literature (Powell) 165 1.63 nm for 

aluminium oxide and 2.36 nm for aluminium metal and the results 

presented in Table 5 and 6. An exposure of 101, of water vapour, 

only produced a film thickness of 0.37nm. The sticking coefficient 

calculated from these results agreed quite well with Fort and valle . 

later experiments on oxide film growth, on aluminium sheet for 

longer exposures (7000L). Table 7 shows that the oxide film grows to 

0.74 nmWith further exposures at atmospheric pressure for 21 sec 

(1.5x10'°L), the film thickness was found to be 1.8mm, but when the 

sample was exposed for longer periods at atmospheric pressure (under 

dry conditions) the oxide film thickness was such that the aluminium 

2p metal peak could not be observed. The oxide film thickness after 

such exposures was much greater than the escape depth of electron in 

aluminium oxide. 

The thickness of aluminium hydroxide film was found to be greater 

than the oxide films, for same exposure time, using the same valves 

for the escape depth (Figure 30b) as for the aluminium oxide. One 

of the reasons for using the escape depth of aluminium oxide for 

calculating the hydroxide film thickness was, that no values of 

escape depth for aluminium hydroxide have been reported in the
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literature. The second reason was thet, no difference could be 

detected by ESCA, in the peak position of the aluminium oxide and 

hydroxide or the half-width of aluminium oxide and hydroxide p 

  

When the aluminium oxide and aluminium metal peaks were 

resolved, using a curve resolver there was some difficulty in the 

measurement of the areas under the aluminium oxide peak, because 

for a pure aluminium metal the 2p peak is not symmetrical (Figure 

28b). 

When the aluminium sample is exposed to oxygen or water vapour, 

the oxide and hydroxide peaks are on the same side, on which the 

aluminium metal peak has the shoulder. With all these problems, it 

was still possible to compare the results from evaporated aluminium 

film and aluminium sheets. For the same exposure in Langruirs the 

calculated thicknesses of aluminium oxide film on evaporated aluminium 

film and aluminium sheet are comparable tablesi5,/4,'7 

It can be seen that an exposure of 10L on evaporated aluminium 

film gives an oxide thickness of 0.45nm. The same exposure of 

aluminium sheets give an oxide thickness of 0.45nm. To compare the 

rate of growth of aluminium oxide film, on ion etched aluminium 

films to clean aluminium evaporated film, the aluminium films were 

ion etched in the preparation chamber for 5 minutes after which the 

specimen was transferred to the analysing chamber under the same 

vacuum conditions. 

The examination of the aluminium 2p peak, showed only the 

aluminium metal peak at a peak position of 1181.2 eV. But when the 

oxygen peak was examined, oxygen was still found to be present on 

the surface in small amounts. Further ion etching did not reduce 

the level of oxygen. The presence of oxygen throughout the 

evaporated aluminium films could be possibly due to volume 

oxidation arising from the increase in pressure to 5x1077 torr,
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during evaporation. The pressure fell to ax107? torr soon after 

evaporation. Neal et Pistaes argued that there was a possibility of 

volume oxidation, during evaporation. The only other element which 

could be detected by the ESCA method, after ion etching was Argon, 

in very small amounts arising from the ion etching process. 

For the same exposures, oxide growth on etched and unetched 

evaporated aluminium films showed very little difference (Table 7 and 

8). Therefore any vacancies and dislocation caused by ion etching 

had little effect on the rates of growth. 

Different values of escape depth for electrons in aluminium and 

aluminium oxide at 1180 eV energy and at an angle of 45° were used 

+o calculate the film thickness. The results were ploted on Figure 30. 

As can be seen from the Figure 30, increasing the escape depth from 

1.63nm increases the calculated film thickness byo‘nm. 

There are small variations in the half-widths of the aluminium 

metal and aluminium oxide peaks. It is difficult to draw conclusions 

whether these variations were due to change in oxide structure or 

were just random variations. 

In all the experiments either oxygen or water vapour exposure, 

the oxygen peak could be resolved into two separate peaks. When the 

specimens were exposed to oxygen the peaks were separated by 1.7 eV. 

The conclusion one reaches is, that oxygen on the surface is in two 

states, oxides and the other adsorped oxygen. hen the samples were 

exposed to water vapour, oxygen peaks could still be resolved into 

two peaks. Furthermore there were a few oxygen peaks which could be 

resolved into three peaks. The conclusion one reaches in this case 

is, that the oxygen was present on the surface of the specimen in 

three states, oxide, hydroxide and adsorbed oxygen in the form of 

water vapour molecules. But this situation was found only in a few 

cases. In most cases the two oxygen peaks were separated by 1.9 eV.
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Fuggle et al see have reported r work on evaporatec films. 

In their studies, they also found oxygen present on the surface in 

three diiferent states, but their experimental conditions were 

different. In their experiments the sample was cooled to =77 Ce 

Therefore oxygen peaks were assigned to condensed water (ice) and 

the other two oxygen peaks assigned to aluminium oxide and 

tentatively to aluminium hydroxide. Therefore in the case of water 

vapour exposure in the present work aluminium oxide and eluinium 

hydroxide were present together. 

5.11.2 Discussion: Ellipsometry (vacuum) 

Ellipsometry was used as a complimentary technique, to measure 

oxide and hydroxide film thicknesses grown ‘in situ’ under ultra 

high vacuum conditions on aluminium sheets and evaporated aluminium 

films. 

Before aluminium sheets could be exposed to oxygen or water 

vepour for experimental purposes, protective oxide films were removed 

‘in situ' by Argon ion etching, the sample was rotated to a position 

vreviously determined by alignment in the ellipsometry i.e. detected 

by the photomultiplier of the instrument after reflection from 

the sample. Ellipsometry readings were taken and the parameters 

and A were calculated and corrected for effects of the windows. For 

further ion etching the sample was rotated back to the position 

where Argon ion etching could take place. 

Since ellipsometry was being used as a complumentary technique, 

the same experimental conditions had to be obtained as in ESCA 

experiment. Ion etching was therefore conducted at the same 

accelerating voltage, ion beam current and angle as in ESCA. From 

ESCA experience, it was calculated how much ion etching was required 

to produce a chemically 'clean' surface. In ellipsometry experiments
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w and A parameters were used to obtain a starting surface. Further 

ion etching wes continued until no further noticable change in 

ellipsometric parameters W and A was detected. In all the cases, 

the period of ion etching was longer, by 40 minutes, than the time 

required in the ESCA method to produce a chemically 'clean' surface. 

Therefore the sample for ellipsometric experiments were 

chemically 'clean' and also perhaps with more vacancies and 

dislocetions. To reduce the number of vacancies and dislocations, 

the sample was left in vacuum (107? torr) for 18 hours. During this 

time, two different processes were taking place. One a thin oxide 

film grew on the surface of the sample and second, since aluminium 

anneals et low temperature (isues) (25°C room temperature), the 

number of vacancies and dislocations were reduced. 

Finally to produce the starting surfaces, which were chemically 

‘clean' and structurally similar to the starting surface in ESCA 

experiments, the sample was ion etched for a further 5 minutes. This 

etch time would produce less damage after the annealing stage. 

Deliberate oxidation, for experimental purposes was achieved by 

8 to 107% torr. This bleeding in dry oxygen between pressures of 10" 

pressure range was chosen in order to perform the experiments under 

similar conditions as in the ESCA tests. Hydroxide films were grown 

by bleeding in water vapour, from a water reservoir between a 

8 to 107 torr which had been continuously pressure range of 107 

pumped for 5 hours at a pressure of 1079 torr. 

The time taken for each ellipsometric pair of readings was small 

compared to the time required for an ESCA spectrum. This reduced the 

error in the exposure time. In this technique the amount of energy 

which interacts with the sample, is very small. Therefore the 

complication produced, in the study of oxide and hydroxide film 

thickness by ESCA, due to surface heating in the ESCA equipment is
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negligible in ellipsometry. 

5.11.3 Discussion: Oxide thickness 

Aluminium sheet samples heated at 250°C and 350°C for 10 

minutes, were ion etched to produce 'clean' starting surfaces. From 

ellipsometric readings it was possible to calculate the original 

aluminium oxide film thicknesses which were found to be 2Onm and 

2.8nm respectively. With the ESCA technique original oxide thickness 

greater than the escape depth can only be estimated by ion etching. 

Oxide and hydroxide film thicknesses were calculated by 

assuming n = 1.58 and k = 0. The optical constant of the aluminium 

oxide films, prepared under these conditions have not been reported 

in the literature. However, the optical constants of thicker films 

have been reported to be between (n = 1.58 - 1.65) andk =0. To 

calculate the thickness of thin oxide films, the spread of optical 

constant has little effect on the thickness i.e. for films less than 

15.0 nm. 

In the ellipsometric apparatus, there was a shutter in front of 

the substrate, to reduce contamination when the aluminium film was 

evaporated from the tungsten filament. Ellipsometric parameters, y 

and A , when measured were found to be lower than the reported 

values, by Alan, Fane and Neal 137 + This again could be due to the 

increase in pressure to 6 x 107 torr during evaporation despite the 

rapid decrease to 5 x 107, soon after evaporation. There was some 

volume oxidation which was found through the evaporated film, in 

that similar values of y and AV were obtained as the film was etched. 

Comparison of the film thicknesses obtained by ellipsometric and 

ESCA techniques showed that thickness measured by the ellipsometry 

techniques were constantly higher for all exposures, Table 15 to 17. 

For low exposures the differences were small, well within the
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experimental errors, but for longer exposures the differencesin film 

thickness were large and could only be reduced by increasing the value 

of escape depth for electron in aluminium oxide and thereby 

increasing the calculated film thickness obtained by the 

167 

  

technique. Chang and Boulin have recently reported a 

disagreement between thicknesses measured by ellipsometry and Auger 

spectroscopy. They measured the oxide thickness on Si by using 

Auger electron spectroscopy, without ion etching depth profiling, by 

using the ratio of the chemically shifted and unshifted peaks from 

the oxide and substrate. They concluded that, with the estimated 

absolute accuracy for their technique of 10%, comparisons of the Auger 

measurements of the thickness, with ellipsometric determinations 

revealed a discrepancy which wes larger than their estimated limits 

of error. They found no way of reducing the observed disagreement 

without introducing other less acceptable, contradictions. 

Chang and Boulin reached the conclusion that a large part of 

the discrepancy Rieti naced from a fundamental difference in the 

definitions of the interface plane because of the different physical 

parameters measured. 

The one possibility Chang and Boulin did not look into was that 

the initial oxide films grow in the forms of islands as shown in 

Figure 31. As can be seen from the Figure 31 the island height may 

be larger than the escape depth of the electron in aluminium oxide. 

Therefore the oxide at the base is not detected by ESCA, but this is 

not the case with ellipsometry because there is no limit to the 

thickness of the film it can detect as long es k=O or very small as 

is the case in aluminium oxide films. In practice the substrate may 

not be planar. Therefore the island could be represented as shown in 

Figure 32. Here again the oxide film may be too thick, in places,



-160- 

  

  

  

  

    Oxide film   
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for the ESCA technicue to detect. From the data obtained it is 

difficult to obtain the height and number of islané present on any 

sample because of the number of variables, such as, substrate 

structure, locations of the islands, dimensions and the number of 

islands on any area. This aspect of the effect of the growth 

mechanism on measured film thickness needs further investigation. 

5.12 Summary 

In order to study the rate of growth of aluminium oxide and 

hydroxide films, on aluminium sheets with ellipsometry, the original 

protective oxide film formed during rolling was removed by Phosbite 

etching. The changes in the ellipsometry parameters Y and A were 

difficult to explain. Further investigation using EDX analysis, 

showed that the new oxide film contined copper contamination and the 

source of this copper copper contamination was bound to be in 

Phosbite solution. Neal fe had obtained similar effects with silver 

films which had been deliberately contaminated with 1% or 2 copper. 

' SEM results showed that the aluminium hydroxide (pseudoboehmite) 

erows in the form of islands, with bayerite within it. The islands 

grow in two directions, becoming thicker and at the same time 

growing along the surface until they join up to form a continuous 

film. Examination in the reflective mode showed that the bayerite 

erystals grow from the aluminium substrate. 

ESCA examination of the aluminium hydroxide grown on aluminium 

sheets showed high levels of carbon contamination on the surface, 

which decreased rapidly as the sample was ion etched. This 

contamination had probably arisen from the atmosphere and sample 

handling. The ratio of oxygen (corrected level) to aluminium 

(corrected level) decreased as the sample was etched, but as the 

sample was further etched the ratio increased. This can be
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explained by trapped aluminium in the hydroxide matrix and isolated 

from the eluminium substrate. Barr!#? has reported similar results. 

   
The examination in SEM, of aluminium film wi 

  

n copper 

contamination after exposure to water vapour saturated air (i/VSA) for 

5 minutes showed islands, which were similar to the islands on pure 

evaporated aluminium films and aluminium sheet. Further examination 

showed that the presence of copper increases the reaction rate, which 

could be seen from the interface of aluminium/copper film and 

eluminium film. 

For the measurement of hydroxide film thickness, an independent 

method (interferometry) was used. The reason why an independent 

method was used was because of an apparent discrepancy eewean the 

measurement by ellipsometry and by Tucks method’ - Tuck 

repeated his technique using evaporated aluminium film - as in this 

work, in the thickness range of 10nm to 300mm. His results obtained 

from these experiments agreed with the film thickness measured by 

the Transparency technique. 

Film thickness measured by the Transparency technique and 

ellipsometry agreed to within experimental errors. Therefore it was 

concluded ellipsometry could be satisfactorilly used for measuring 

hydroxide film thickness in the early stages of growth. 

The refractive index of the aluminium hydroxide was measured 

ellipsometrically by, first evaporating gold films. The gold base 

(gold film) yielded initial values of W and A which were 

substituted into equation 3.22 and 3.23 to evaluate the optical 

constants n, and ky for the surface. Using these computed constants 
2 

and a two layer programme, values of the angles y and A were 

computed for composite surfaces of varying aluminium hydroxide 

thicknesses on gold and on assumed value of refractive index for 

the hydroxide. when the optical parameter y and A for films less
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than 80nm were plotted on the computed graph were k=C there was 

agreement between the computed thickness and measured thickness by 

interferometry. There were two samples (7 and £) for which the 

measured optical parameter YW and A did not lie on the computed 

closed loops (k=O), but with a value of k, = 0.0009 (small absorption) 

7 and 8 were found to lie on the computed loops. It would appear 

therefore that in early stages of growth the optical constants for 

the hydroxide at a waveleneth of 546nm are n, = 1.58 t 0.03 end 

Ky = 0 and for thicker films the constants are better given by 

n, = 1.58 t 0,03 and k, = 0.0009. 

Aluminium hydroxide films formed on glass and on gold film 

substrate were in the form of islands. The sensitivity of the method 

for determining the constants of the superimposed hydroxide layers 

cgepends on the relative optical constants of the base and film. It 

is also important that the base material is non reactive and this 

was the reason for using gold. 

ESCA and Ellipsometry (vacuum) 

Before experiments could be performed on aluminium sheets, the 

protective oxide films were removed 'in situ' by Argon ion etching. 

In ESCA experiments, continuous etching removed the aluminium oxide 

Zp peak, but when the oxygen peak was examined, oxygen was still 

found to be present on the surface. The origin of oxygen on the 

surface could be due to the oxygen in the solution of the metal ( 

(Hansen and Anderko) 

For experimental purposes the sample was etched until the level 

ef oxygen peak reached a plateau. For ellipsometric experiments the 

changes in parameter w and A were used. Producing a ‘clean! 

starting surface by an etching technique may give a clean surface 

from the point of view of the surface chemical composition, but 

structurally it is different, in that there are dislocations and
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vacancies induced by ion etching. Examination of the results from 

evaporated aluminium films and etched evaporated aluminium showed no 

difference therefore any change in the rate of growth, in oxide and 

hyéroxide films induced by dislocation and vacancies was negligible 

or it could indicate that the ion bombardment did not affect the 

structure significantly to produce any change. 

To calculate the oxide and hydroxide film thickness from the 

ESCA results the aluminiumappeak was resolved into aluminium oxide 

and aluminium metal peaks. The relative areas under the aluminium 

oxide and aluminium metal peaks were measured and substituted into 

Fadleys expression se » Ellipsometry film thicknesses were measured 

by, assuming n = 1.58 and k=O, but for small thicknesses less than 

10nm a large charge in n, k have very little change on the calculated 

film thickness. 

Comparison of the film thicknesses obtained by ellipsometric end 

ESCA techniques showed, that thicknesses measured by the ellipsometry 

technique were consistently higher for all exposures. For low 

exposure the differences were small, but for longer exposure, the 

differences in film thicknesses were large. The discrepancy could 

be explained by assuming that, the initial oxide end hydroxide films 

grow in islands and the height of the islands may be larger than the 

escape depth of the electron. Therefore the oxide or hydroxide at 

the base was not detected by ESCA, but this was not the case with 

ellipsometry.
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CEAPTER 6 

  

SCUSSIONS (TEI 

  

The effects of exposing a freshly prepared aluminium specimen 

to WVSA at 70°C, without filling the anticontamination chamber are 

shown in Figure 33a, Figure 33b, c and d show other features which 

are produced by the interaction of the electron beam and the 

specimen. Figure 34e shows reaction sites developed during 

exposure to wVSA for 5 minutes at 70°C: this micrograph was taken 

away from the electron transparent area. Micrographs taken on or 

near electron transparent areas also showed reaction sites, 

Figure 34b. when the reaction sites were examined at higher 

magnification they appeared to be blisters, Figure 34c. Figure 34d 

is a STEM micrograph of the same area as Figure 34c. The 

underlying microstructure can be clearly seen and closer examination 

revealed the blister. In most cases, reaction sites were randomly 

distributed and not associated with any underlying microstructure, 

but Figure 35a and b shows a reaction site associated with crystal 

particles. 

In the case of freshly prepared aluminium specimen, even 

when the exposure time to WVSA at 70°C was increased it was 

difficult to see the reaction sites in STEM, Figure 35c and d. 

Figure 36a shows the effect of increasing the oxide film 

thickness until it is possible to observe complete blisters randomly 

distributed. when the oxide film thickness was increased it was 

possible to observe the blisters in the STEM, TEN and SEM modes, 

(Figure 36b and 36c). Figure 37a and 37b show the random
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distribution of blisters. Figure 38a and 38b show the effect of 

increasing the exposure to water vapour until the reaction 

product was randomly distributed to take a diffraction pattern. 

Figure 38c end 38d show the reaction product and the 

diffraction pattern taken from a bayerite particle. Further 

examination of the bayerite particle, Figure 39a and Figure 39b 

showed it to be more than a single crystal. Figure 39c shows the 

boehmite reaction product developed during exposure to iVSA for 

180 minutes at 70°C on pure aluminium.



  

Figure 33a. High resolution s 
micrograph showing reacted areas 
(A) with carbon contamination 
(B) caused by 100 Kev electron 
beam on pure aluminium electron 
transparent specimen, 

      

Figure 33b. Higher magnifi- 
cation of one of the carbon 
contamination marks.



    

lution SEM 

  

graph with reacted areas SEM micrograph with 
sped during exposure to 
apour-saturated air 

5 minutes 
acted sities were observed 

from the electron 
transparent 

electron transparent 
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Figure 35a. High resolution 
SEM micrograph. A reaction 
site associated with 
crystal particles. 

  

Figure 35b. STEM micrograph of 
the same area as Figure 35a. 
The only features which are 
observable in both modes are 
the crystal particles on and 
near grain boundaries. 

    

Figure 35c. High resolution 
5 crograph with reacted 

veloped during 
wate     

  

     

  

   

 



  

Figure 36a. High resolution, high magnification SEM micro- 

graph with reacted areas, randomly distributed in the 
form of blisters, developed during exposure to WVSA for 
minutes at 70°C on pure aluminium electron transparent 
specimen which had been stored in dry air for 22 days. 

Figure 36c. High resoluti 
SEM micrograph. Broken 

s randomly distri- 
           



  

pigure + TEM micrograp 
Bec. the thicker oxide 
film it is possible to observ 
the blisters in TEM mode, 
which are randomly distributed 
and not associated with grain 

  

  

Figure 37b. Higher magnifi- 
cation TEM micrograph, 
randomly distributed 
broken blisters. 

 



100nm  
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6.2 Excosure of electron transparent specimen to water vapour 

saturated air at 720°s: Aluminium alloys 

Aluminium alloy specimens prepared from sheets of aluminium 57 

Magnesium which had been heat treated at 350°C, were exposed to 

WVSA for 10 minutes and examined. Figure 40q shows the reaction 

sites along grain boundary,surface-interface developed during 

exposure to WVSA at 70°C. Blisters similar to the one seen on 

pure aluminium can be seen on aluminium alloy. Figure 40b, c and 

a show that the reaction sites are only a surface phenomenon. These 

reaction sites can also be observed in the TEM mode, Figure 41a, 

but upon closer examination it is possible to see two rows of 

reaction sites. This is because one row of reaction sites are on 

the lower side and the other on the top side. As a result of a 

few seconds of beam irradiation, hydrogen bubbles form on the grain 

boundaries, Figure 41b, c, d, e and f. 

Figure 42a shows a high magnification TEM micrograph. It is 

possible to have hydrogen bubbles nucleated away from the grain 

boundaries and be joined by dislocetion to larger bubbles. 

Hydrogen bubbles are normally viewed by their stress field 

contrast and Figure 42b shows how this can be improved by tilting 

the specimen. In some cases hydrogen bubbles may be viewed by the 

further interaction of 120 kV electron beam with the hydrogen 

bubbles. Figure 43a, b, c and d show a dynamic sequence and the 

associated phenomena which make it easy to observe hydrogen 

bubbles. 

Figure 44a, b, c, a, e and f show that by changing the heat
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treatment it is possible to change the location of reaction sites. 

Figure 45a, b, c, d, 46a, b show further examples of different heat 

treatments and their effect on reaction site locations. Figure 46c 

shows carbon contamination marks after EDX analysis. The volume 

from which the X-Ray information was obtained was about 50nm in 

Giameter. Aluminium 5 Znic samples, which had been prepared 

from sheets of aluminium 5% Znic, heat treated at 350°C, 450°C, 

550°C and CWQ were also examined. No grain boundary surface 

interface reaction sites were observed. Figure 41d shows a typical 

reaction product developed during exposure to WVSA at 70°C.



Fig. 40a. High resolution, low 
magnification SEM micrograph ,reaction 
sites along grain boundaries developed 
during exposure to WSA for 10 minutes 
at 70°C on aluminium 5% magnesium 

electron transparent specimen which 
had been heat treated at 330°C for 
30 minutes. 

1T- 

    

Figure 40b. High res 
SEM micrograph, large 
single broken blister 
surrounded by small comple 
blisters. 

     



     Fig TEM micrograph, 
reaction product sites in 
two rows along grain 
boundaries. 

  

Figure 4lc. After 5 seconds 
under 120 Kev electron beam. 
Increase in size and number 
of bubbles. 

    

Figure 4le. Anot 
   

ogen bubbles. 

    

Figure 41b. TEM micrograph. 
Two rows of reaction product 
sites with hydrogen bubble 
in between, 

  

Figure 41d. After a total of 
15 seconds under 120 Kev electron 
beam. No further increase in 
number or size of bubble but the 
reaction product sites 
decomposed. 

 



aIT9= 

  

Figure 42a. High magnification TEM 

micrograph. Bydrogen bubbles along 
the grain boundaries (A) are joined 
to smaller hydrogen bukbles (3) which 
have nucleated away from the grain 

boundary, by dislocations. (C) 

  

Figure 42b. TEM micrograph. 
Variation in hydrogen 
bubble contrast on tilting.



  

_i00nm ws 
a    

   



  

   
  

    Pigure 44d. 

whic 
Fig 

   



  
sites ra 

 



   

     

   

4 p x a 
Figure 46a, STEM micrograph. Figure 46b. SEM micrograph of A triple point with no reaction the same area as in Figure 46a, sites on alloy specimen which showing one grain boundary with was prepared from a sheet, heat reaction sites. 
treated at 450°C for 30 minutes 

   

and CWO. 

Figure 46 
Rando!     ites in the form of bli     

5xZn) specimer 
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6.3.1 Discussion: Pure aluminium (TEMSCAN) 

  

=MSCAN wes used as an additional technique to obtain further 

information on the reaction of aluminium and alloys with water vapour. 

The electron transparent specimens were prepared from sheets of 

  

aluminium and aluminium alloys which had been heated et various 

temperatures. Each of the specimen, after electro-polishing, was 

examined for cleanliness using an optical microscope. 

Aluminium samples heated at different temperatures showed 

different degrees of crystalization but initial experiments showed 

very little difference in the rate of reaction with different heat 

treatments, using the TEM mode. Therefore for further experiments 

samples were prepared from sheets of pure aluminium which had been 

heated at 350°C for 10 minutes. Before exposing to iWVSA at 70°C, 

samples were stored in a dessicator for 18 hours. The thickness of 

oxide film present on the specimen, estimated from ellipsometry was 

2.5 to 2.9 nm. 

After the specimen had been exposed to WVSA at 70°C for 5 

minutes, it was examined in TEMSCAN, in the transmission electron 

mode (TEM). No reaction sites or any other features which could be 

associated with aluminium - water vapour reaction were observed. 

The examination of the specimen in scanning transmission electron 

mode (STEM), also showed no reaction sites. When the sample was 

examined in scanning electron mode (SEM), there were several features 

which could be observed (Figure 33a). 

Some of them could be readily identified as contamination marks, 

due to the electron beam during focusing, but there were several 

other features (Figure 33a and 33b) which were initially thought of 

as reaction products. 

When combined, high resolution STEM and SEM microscopy of 

  

precisely located areas in the electron transparent region were
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performed. Features which were thought to be reaction sites Figure 

3B3c could not be observed Figure 33d. The only exr 

  

0 nation for this, 

a few nm thick and 

  

is that the features (reaction 

therefore it is only a surface phenomenon. 

After reexamination of the micrograph Ficure 3. 

  

concluded that some of the 'reaction' sites may be caused by the 

interaction of the electron beam during examination of the specimen 

in TEM and STEM modes, since carbon is always present as a residual 

product, due to hydrocarbons in the vacuum from the rotary and 

caiffusion pump. 

The vacuum was improved by filling the licuid nitrogen trap 

and the anti-contaminetion device in the system with licuid 

nitrogen. The anti-contamination device was operated by lowering the 

temperature of the material near the specimen. The second method of 

reducing the carbon contamination was by adopting a procedure by 

which specimen was examined. Al specimens were first examined in 

SEM mode and then followed by STEM and TEM. Taking all these 

precautions into consideraticn, electron transparent pure aluminium 

samples were exemined, which had previously been exposed to WVSA at 

70°C Figure 34a. The micrograph was taken away from the electron 

transparent area. It shows randomly distributed reaction sites. 

When Figure 34a was compared with Figure 33a, features A and B were 

not observed. Similar reaction sites were observed near and on 

electron transparent areas. When one of the reaction sites was 

examined at higher magnification Figure 34c, in the SEM mode, it 

was found to be, on closer examination, a broken blister. It was 

possible to observe broken walls of blisters. Examination of the 

same area in the STEM mode showed only, at first sight, the 

underlying microstructure. On closer examination however, it was 

possible to observe the blister. This can again be explained by
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assuming, that blistering is a surface phenomenon. These blisters 

were found randomly distributed and with no association with the 

underlying microstructure. But in some cases reaction sites were 

associated with crystal particles (Figure 35a). Further examination 

  in the STEM mode revealed them to be grown from the substrate.   

Several electron transparent aluminium specimens were given 

longer exposures of WVSA at 70°C and upon examination in SEM mode 

showed a greater number of reaction sites. During further 

examination in the STEM mode (Figure 35d), the only features 

observable were the etch pits. Again underlying the fact that 

features observed in SEM are only surface phenomenon. 

Since the blisters observed in the earlier work were broken it 

was decided to attempt to obtain unbroken blisters by starting with 

thicker oxide film prior to exposure. 

From ellipsometry work it was found, that the oxide film 

thickness after 18 hours was only 2.C to 2.5 nm, but increased 

to 3.8 - 4.5 nm after 20 days. 

Therefore after electro-polishing, a number of electron 

transparent aluminium specimens were stored in dry air for 22 

cays. They were then exposed to WVSA for 5 minutes at 70°C upon 

examination, randomly distributed broken blisters were seen 

(Figure 36a), but there were a few blisters which were still 

complete. This was because the protective oxide film was thicker, 

iee. with thicker blister walls. It was possible to observe the 

blister in the TEM and STEM modes. 

The reaction of water vapour with electron transparent 

aluminium specimens, under these conditions, has not been reported 

in the literature. However, Flower aes has reported the reaction 

of aluminium with water vapour after the specimen had been
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exposed to electron irradiation in the energy range 100-1000 kV. 

These experiments were carried out 'in situ’. Flower 168 reached 

the conclusion, that the reaction was cue to ionization rether than 

atomic displacement. The ionization lowered the oxide/meteal bond 

strength and as the oxide grows it decohered from the metal to 

form blisters. Therefore the mechanism with which the blisters in 

the present work were formed was different. In order to understand 

the mechanism of blister formation more cleerly, the structure of 

the protective oxide films needs to be looked at more closely. 

159 Barr using ESCA obtained evidence of trapped aluminium in 

the A120 matrix isolated from the aluminium substrate. His 

observations have also been confirmed in the present work. 

Protective oxide film may be represented as in Figure 47a, which 

shows the oxide film with trapped aluminium ions. The water 

molecule is attracted to the aluminium ions by the negative 

charge on the oxygen atoms. The reaction of water molecule or 

hydroxide ion produces aluminium oxide, hydroxide and hydrogen. 

The presence of hydrogen near the metal/oxide bond weakens the 

pond and also provides the internal pressure. The increase in 

surface area of oxide film, due to the blister formation, is 

compensated by the oxide of hydroxide formation in the oxide filn. 

The internal pressure required to produce the blister can 

be calculated from the force required to break the oxide/metal 

bond. 

After the blister is formed, the internal pressure increases. 

Due to further reaction of aluminium substrate with water vapour 

the pressure increases until the blister breaks, (Figure 47e). 

Further reaction continues until there are islands of pseudo- 

boehmite with Bayerite pillars, Figure 24d. As the reaction
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proceeds the islands join up to form a continuous film. To obtain 

information about the structure of pseudoboehmite and bayerite 

erystals, aluminium electron transparent specimens were exposed to 

WVSA at 70°C for 2 hours - ring diffraction patterns were obtained 

from areas with pseudoboehmite reaction product, together with 

diffraction patterns taken from Beyerite crystals. In both cases it 

was difficult to establish the structure. ‘When a Bayerite particle 

was examined in the dark field mode (Figure 39a and 39b) the single 

particle showed internal structure suggesting that the particle was 

not @ single crystal. 

6.3.1 Discussion: Aluminium alloys 

Sheets of aluminium 57 magnesium were heated at 350°C for 30 

minutes and cold water quenched (CWC). From the work of Taylor and 

Edgers 168 , it is known that heat treatment at this temperature 

produces grain boundary segregation. Electron transparent specimens 

were prepared, examined for clealiness, exposed to «VSA at 70°C 

and examined in TEMSCAN. To avoid carbon contamination, due to the 

electron beam, the procedure which had been established previously, for 

pure aluminium specimen was used. Figure 40a shows reaction sites 

randomly distributed on the matrix but along the grain boundary 

surface interface the reaction was much more advanced. Upon closer 

examination, broken blisters were seen (Figure 40b). At higher 

magnification, examinetion of one of the grain boundaries, in STEM 

mode, Figure 40c, showed that no reaction wes produced, but when the 

same area was examined in the SEM mode (Figure 40d) reaction sites 

along grain boundary surface interfaces were seen:- suggesting 

that it is also a surface phenomenon. 

In the TEM mode, Figure 41a, it was possible to see two rows of 

reaction sites on the grain boundary surface interfaces. Upon closer 

examination of the two rows of reaction sites, Figure 44b, it was
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noticed that hydrogen bubbles appeared under the action of electron 

beam. Figure 41¢ shows the development of hydrogen bubbles which are 

viewed by their stress field contrast. The other phenomenon noticed, 

which was also produced by the action of the electron beam on the 

specimen, was the decomposition of reactions sites, Figure 41d. 

Hycrogen bubbles, viewed by stress field contrast, in 

41-Yn-N"k alloys have been reported by Scaman and Scaman 4 » élani 

and Swann. In the present work, a closer examination of hydrogen 

bubbles on grain boundaries, it revealed thet there were smaller 

hydrogen bubbles which had nucleated away from the grein boundary. 

These smell hydrogen bubbles were joined to lerger hydrogen bubbles 

on the grain boundary by dislocations, Figure 42a. The smaller 

bubbles could have nucleated away from the grain boundaries where 

there was higher concentration of magnesium or vacancies. 

Hydrogen bubbles were only observed after the interaction of 

the electron beam, in this case 120 kV and it could be that the 

hydrogen bubble phenomenon is only found in thin foils. The 

molecular hydrogen, within the bubble, generates a significant 

stress, as the yield stress of the surrounding matrix is soon 

exceeded, and dislocation generation and propigation are observed. 

This can be seen in dynamic sequence, Figure 43, which shows the 

interaction of 120 kV electron beam with an accumulated grain- 

boundary hydrogen bubble. The hydrogen bubble first generates 

three dislocation loops and after further exposure to the electron 

beam more dislocation loops are generated and finally a screw 

dislocation loop was formed. 

In order to form a hydrogen bubble it is necessary that the 

chemisorbed hydrogen be recombined to form a hydrogen molecule and 

be desorbed. The hydrogen atom can be highly mobile and may 

rapidly migrate to grain boundary sites and with the energy required
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for the formation of the hydrogen molecule coming from the 120 kV 

electron bean. 

Formation of the hydrogen bubble can be schematically represented 

by, Figure 48. Hydrogen atoms migrate to the grain boundary under 

the action of the beam and recombine to form hydrogen molecules. 

Grain boundary bonds are broken by the build up of pressure, and also 

by the weakening of the bonds by the physical presence of hydrogen. 

With further exposure to the electron beam, more hydrogen atoms form 

hydrogen molecules to increase the pressure until the yield stress 

of the surrounding matrix is exceeded and the bubble may be viewed 

by the associated phenomenon, i.e. dislocation, dislocation loops and 

more commonly the stress field contrast. 

Pressure inside the hydrogen bubble can be calculated by. amount 

of force required to break the bounds and the area of the bubble. 

The consideration of reaction sites and therefore hydrogen 

bubbles associated with grain boundaries on the aluminium 5% 

magnesium is very important because hydrogen penetration of grain 

boundaries in Al-/n-lg alloys results in a loss of grain-boundary 

adhesive strength and promotes intergranular embrittlement and 

stress-corrosion crack propagation. 

The precise chemical composition of the grain-boundary is 

therefore extremely important. Changes in the composition of 

Magnesium on the grain boundary plane can be controlled by the heat 

treatment and quenching. 

Sheets of aluminium 5 magnesium were heat treated at 350°C, 

450°c, 550°C and cold water quenched (CWQ). Electron transparent 

specimens were prepared and exposed to WVSA at 70°C for 5 minutes. 

The samples which had been heated at 350°C showed grain boundary 

surface interface reaction sites (Figure 44a). When the same area 

was examined in STEM, Figure 44°, only the grain boundaries were
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seen. Examination of the 450°C heat treatment sample showed grain 

boundary surface interface and matrix reaction sites, but when the 

sample was examined in the STEM mode, Figure 44d, it revealed two 

more grain boundaries which had no reaction sites along them. When 

the 550°C heat treated sample was examined, only randomly 

distributed reaction sites were seen. Further examination in the 

STEM mode showed the grain boundaries more clearly but revealed no 

new information. It was possible therefore to change the composition 

of magnesium on the grain boundary plane. This shows up in the way 

wWVSA reacts on samples, with different heat treatments. when 

grain boundary analysis of the samples, prepared from sheets heat 

treated at different temperatures, was carried out using EDX analysis, 

the results were inconclusive because there was no difference 

between the amount of magnesium detected at the grein boundary and 

the matrix. The micrograph, Figure tha, b, c, d, e, f, shows different 

degrees of grain boundary surface interface attack for different heat 

treatments and since the only elemental composition which can vary 

with heat treatment is magnesium the conclusion one reaches is that 

the concentration gradient = of magnesium on the grain boundary 

plane is sharp and too narrow for the EDX detector to resolve. 

The resolution of the EDX detector is about 50 nm and 

magnesium concentration at the grain boundary width x may be much 

smaller. 

Scaman : has shown that hydrogen bubbles interact both with 

the grain-boundary precipitate and with the intermetallic particles 

formed during casting or during homogenization. The role of grain- 

boundary precipitates is therefore important. Scaman has tried the 

additions of Fe, Si, Fe + Si + (r), Fe + Sc + Mn, Fe + Si + Zn mivve 

of which prevent grain-boundary hydrogen penetration. 

It would be interesting to include Lithium in the cast, because
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Lithium adsorbes hydrogen very readily. Frecipitates of Li on grain 

poundaries would readily adsorb hydrogen and prevent penetration of 

hydrogen into grain boundaries in Al-Zn-Mg and stop the loss of grain- 

boundary adhesive strength and promote intergranular embrittlement 

and stress-corrosion. 

6.4 Summary 

Further information on the reaction of aluminium and aluminium 

alloys was obtained by using TEMSCAN as an additional technique. All 

the specimens had regions which were electron transparent. Initial 

examination of the aluminium electron transparent specimen, after 5 

minutes exposure to WVSA, in the TEM mode showed no reaction sites. 

Further, combined high resolution STEM and SEM microscopy of 

precisely located areas in the electron transparent region showed 

features of aluminium reaction with WVWSA. ‘These features could only 

be observed in SEM, but further observation showed that some of the 

features were carbon contamination due to the interaction of the 

electron beam with the specimen. 

Carbon contamination marks were reduced first by filling the 

liquid nitrogen trap and the anti-contamination device in the system 

with liquid nitrogen and secondly, by first examining the specimen 

in SEM mode and then followed by STEM and TEM. Taking all these 

precautions, examination of the electron transparent specimen, after 

exposure to wVSA for 5 minutes showed randomly distributed reaction 

sites in the form of blisters. Examination of the same area in the 

STEM mode showed only, at first sight, the underlying microstructure. 

On closer examination however, it was possible to observe the 

blister. This could be explained by assuming that blistering wes 

a surface phenomenon. These blisters were found to be randomly 

distributed and with no association with the underlying microstructure.
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By starting with a thicker oxide film, prior to exposure to WVSA 

it was possible to observe in the STEM and TEM modes. The reaction of 

water vapour with electron transparent aluminium specimens, under 

these conditions has not been so far reported in the literature. 

However Flover 168 has reported on the reaction of a uninium with   

water vapour, after the specimen had been exposed to electron 

irradiation in the energy range of 100-1000 kV. These experiments 

were carried out 'in situ'. Flower reached the conclusion that the 

reaction was due to ionization rather than atomic displacement. The 

ionization lowered the oxide/metal bond strength and as the oxide 

grows it decohered from the metal to form blisters. Therefore the 

mechanism with which the blisters in the present work were formed 

was different. In the light of present experiments we can conclude 

thet the water molecule was attracted to the aluminium ions by the 

negative charge on the oxygen atom. The reaction of water molecule 

or hydroxide ion produces aluminium oxide, hydroxide and hydrogen. 

The presence of hydrogen near the metal/oxide bond weakens the bond 

and also provides the internal pressure. After the blister had 

formed, the internal pressure increased, due to further reaction of 

the aluminium substrate with water vapour. 

The pressure increases until the blister burst. Further 

reaction continues until there are islands of pseudoboehmite with 

Bayerite pillars. As the reaction proceeds the islands join up to 

form e continuous film. 

Aluminium Alloys 

Reaction of aluminium 5% magnesium electron transparent specimens 

(prepared from sheets of aluminium 5% magnesium heated at 350°C for 

30 minutes and cold water quenched (CiWQ), with WVSA, showed reaction 

sites not randomly distributed on the matrix but along the grain



boundary surface interface. The reaction was much more advanced than 

on the matrix. Examination in the STEM mode again only showed the 

underlying microstructure ; suggesting that the reaction sites 

(blisters) were a surface phenomenon. 

In the TEM mode it was possible to see two rows of reaction 

sites on the grain boundary surface interface. Upon closer 

examination of the two rows of reaction sites it was noticed that 

hyérogen bubbles sppeared under the action of the electron beam. The 

hydrogen bubbles were viewed by their stress field contrast. The 

other phenomenon noticed which was also produced by the action of 

the electron beam on the specimen, was the decomposition of reaction 

sites. Hydrogen bubbles were normally seen on the grain boundaries 

put in a few cases smaller hydrogen bubbles which had nucleated away 

from the grain boundary were observed. These smaller hydrogen 

bubbles were joined to larger hydrogen bubbles on the grain boundary 

by dislocations. 

Hydrogen bubbles were only observed after the interaction of the 

electron beam. In this case (120 kV) it could be that the hydrogen 

bubble phenomenon is only found in thin foils. Hydrogen bubbles 

associated with grain boundaries, on the aluminium 5: magnesium are 

very important because hydrogen penetration of grain boundaries in 

Al-Zn-Mg alloys results in a loss of grain-boundary adhesive 

strength and promotes intergranular embrittlement and stress- 

corrosion crack propagation. 

The chemical composition of the grain boundary was changed by 

heat treating and water quenching sheets of aluminium 5% magnesium 

after heating at 350°C, 450°C and 550°C. The sample which had been 

heated at 350°C showed grain boundary surface interface reaction 

sites. Examination of the 450°C heat treated sample showed grain 

boundary surface interface and matrix reaction sites, but when the
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550°C heat treated sample was examined only randomly distributed 

  reaction sites were seen. «hen crain boundary analysis of the samples 

  

prepared from sheets heat treated at different temperatures was 

carried out using EDX analysis the results were inconclusive because 

there was no difference between the amount of magnesium detected 

at the grain boundary and in the matrix.



  

   CCNCLUSICNS /. MENDATIONS iF LIONS 

In this Chapter, a summary of the conclusions reached and some 

possible extensions to the present work are presented. 

Conclusions 

In all the experiments conducted to evaluate surface film 

growth, the state of the starting surface was very significant. 

Ellipsometry experiments with aluminium sheet showed that copper 

contamination gave rise to results which were difficult to explain. 

SEM investigation of the aluminium films deliberately contaminated 

with copper showed that the rate of growth on the surface with 

copper contamination was much greater. Similar difficulties were 

encountered in TEMSCAN work where surface contamination (carbon) 

was difficult to detect in STEM and TEM and the only way it was 

  

detected was by the combined high resolution STEM and SEN 

microscopy of precisely located areas in the electron transparent 

region. 

Examination of aluminium hydroxide on aluminium sheet ky SEM 

showed that the aluminium hydroxide (pseudoboehmite) grows in the 

form of islands with bayerite within it. The islands grow in two 

directions becoming thicker and at the same time growing along the 

surface until they join up to form a continuous film. Zxamination 

in the reflective mode showed thst the bayerite crystals grow from 

the aluminium substrate. Aluminium hydroxide films on glass and 

on gold film substrate were also in the form of islands. 

When an independent interferometric technique was used for 

measuring the thickness of hydroxide films on gold it was possible
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to show that ellipsometry could be used to measure both the hydroxide 

film thickness and the refractive index. 

The refractive index of aluminium hydroxide wes found to be, at 

a wavelength of 549 nm, for film thickness less than €0 nm 

n = 1.58 i ©.03, k = O but for film thickness greater than 80 nm it 

was necessary to assume an absor; tion (k = 0.0009). 

For 'in situ' experiments in ESCA, continuous etching of the 

aluminium sheet removed the aluminium oxide 2p peak, but when the 

oxygen peak was examined, oxygen was still found to be present on the 

surface. The origin of oxygen on the surface was due to oxygen in 

the solution of the metal. For experimental purposes the sample was 

etched until the level of oxygen peak reached a plateau. For 

ellipsometric experiments a reference surface was defined in terms 

of constant values for the parameter Y end A. Examination of 

the results from evaporated aluminium films and etched evaporated 

aluminium films showed no difference in the rate of film growth. 

Therefore any change in the rate of growth, in oxide and hydroxide 

films induced by dislocation and vacancies was negligible. 

Comparison of the film thicknesses obtained by ellipsometric 

and ESCA techniques showed that thicknesses measured by the 

ellipsometric technique were consistently higher for all exposures. 

The discrepancy was explained by assuming that initial oxide and 

hydroxide films grow in islands and when the height of the islands 

is larger than the escape depth of the electron, the oxide or 

hydroxide at the base was not being detected by ESCA. 

Further examination, of the reaction of aluminium with WVSA, 

using TEMSCAN showed that the initial oxide breaks away from the 

substrate and forms blisters, therefore further reaction can 

continue. These blisters were only observed in the SEM mode. 

When the same area was examined in STEM, the only features
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observed were the underlying microstructure. This suggested that 

the blistering was a surface phenomenon. 

  

increasing the oxide 

film thickness prior te exposure to VSA it was possible to 

observe unbroken blisters. These blisters could also be observed 

in STEN and TEM modes. The reaction of aluminium with WVSé 

proceeds by the blistering of the initial oxide film. 

Reaction of aluminium 5: magnesium electron transparent 

specimen prepared from sheets of aluminium 5% magnesium heated at 

350°C for 30 minutes and (CWQ), with WVSA, showed reaction sites 

randomly distributed on the matrix more concentrated along the grain 

boundary surface interface. The reaction on the grain boundary was 

much more advanced than on the matrix. Examination in STEM mode 

again only showed the underlying microstructure indicating that 

the reaction sites (blisters) were a surface phenomenon. 

Hydrogen bubbles were produced by the action of the electron 

beam on the specimen and viewed by their stress field contrast. 

Hydrogen bubbles were normally seen on the grain boundaries but 

in a few cases smaller Hydrogen bubbles which had nucleated away 

from the grain boundary were observed. These smaller hydrogen 

bubbles were joined to larger hydrogen bubbles on the grain 

youndary by dislocation. The smaller hydrogen bubbles may have 

nucleated away from the grain boundary because of the vacancies, 

dislocation or higher concentration of magnesium. 

Changes in the chemical composition of the grain boundary 

for samples which had been heated at 350°C, 450°C and 550°C were 

examined using EDX analysis, but the results were inconclusive 

because there was no difference between the amount of magnesium 

detected at the grain boundary and in the matrix.



Recommendation for future work 

There are a number of aspects of the present work which would 

merit further investigation: 

(b) 

(c) 

(a) 

(e) 

The refractive index of aluminium hydroxide, which wes 

measured using gold film as the substrate, could be 

investigated further using platinum or another non- 

reactive material as the substrate. 

The rate of growth of hydroxide films on aluminium alloy 

sheets, could be investigated at atmospheric pressure, 

using ellipsometry. 

In the present work the rate of growth of oxide and 

hydroxide film thickness, under ultra high vacuum 

conditions was measured using ellipsometry. It would 

be interesting to measure the rate of growth of oxide and 

hydroxide film thickness on aluminium alloy sheets. 

Recently Dares 168 has pointed out that Auger emission 

at 1396 eV, using X-rays of Mg (1250 eV) gives a 

separation between aluminium metal and aluminium oxide 

peak of 7 eV. This may be advantageous to study the rate 

of growth of oxide, hydroxide film thickness and the 

structure, because of the large oxide, metal peak 

separation. 

Since the role of grain-boundary precipitates is very 

important it would be interesting to include lithium in 

the cast, because lithium adsorbes hydrogen very readily. 

Precipitates of Li on grain boundaries would readily 

adsorb hydrogen and prevent penetration of hydroxide 

into grain boundaries in Al-Zn-Mg and stop the loss of



grain-boundary adhesive strength and promote intergrenuler 

embrittlement and stress-corrosion. Therefore it would be 

   interesting to carry out some TENSCAN experiments on 

specimens prepared from such sheets.
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Measurement of Optical Constants and Thickness of Aluminium 

Hydroxide Films Grown in Water Vapour. 
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Birmingham .B4 7ET. 

Abstract 

The optical constants of aluminium hydroxide films.grown in a 

humidity chamber at 70°C ard 100% relative humidity, on gold 

film substrates have been measured ellipsometrically at a wavelength 

of } = 546 n.m. For thin films of aluminium hydroxide less than 

80 n.m. the best fit for optical constants were found to be 

n,=1.58+0.03and kFO, but for films more than 80n.m. thick, a 

better fit was found with n,=1,58+0.03-and kFO.0009. Interferometry 

was used as an independent method for measuring aluminium and 

aluminium hydroxide film thicknesses. The effect:on ellipsometric 

parameters ¥ and A of changing the base optical constants were 

also studied by computer simulation.
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i. Introduction 

The properties of corrosion layers of hydroxides or oxides on 

metals are of considerable interest in all branches of science and engineer- 

ing. In some cases surface layers form a Protection against further 

corrosion and the susceptibility of a metal to stress corrosion cracking 

could be related to the rupture of a protective surface film and the 

repassivation rate of the freshly exposed metal -to the environment as 

has been suggested by Ambrose and Kruger (1). The increased interest in 

surface Species during the last decade has prompted investigations 

using a wide range of analytical’ techniques. The work reported here forms 

Part of a programme of investigation using the complementary techniques 

of E.S.C.A.(X.B.S.),electron microscopy and ellipsometery to study the 

composition optical and structural properties of films grown on aluminium 

exposed to various en eete conditions. Of particular interest has 

‘been the growth of aluminium hydroxide films on commercial and pure 

Stun Ata Gnen exposed to saturated water vapour. The reaction of aluminium 

with water in the liquid phase (as opposed to the vapour phase) has been 

studied extensively by Alwitt(2) and Vedder and Vermilyea (3). re 

has been found that for aluminium hydroxide films formed at a temperature 

less than 90°C the structure consists of an outer layer of bayerite - 

erystals with Anenucs ‘layer of pseudo boehmite. To date little 

work:-has appeared in:the>literature on the reaction of aluminium
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Abstract 

The optical constants of aluminium hydroxide films grown in a 

humidity chamber at 70°C amd 100% relative humidity, on gold 

film substrates have been measured ellipsometrically at a wavelength 

of } = 546 n.m. For thin films of aluminium hydroxide less than 

80 n.m. the best fit for optical constants were found to be 

n,= 1.58403 and k=O, but for films more than 8On.m. thick, a 

better fit was found with n= 1.58403 and k0.0009. Interferometry 

was used as an independent method for measuring aluminium and 

aluminium hydroxide film thicknesses. The effect-on ellipsometric 

Parameters Y and A of changing the base optical constants were 

also studied by computer simulation. 
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with water vapour and this report deals with a technique which 

has been developed for investigating the optical Properties and density 

of aluminium hydroxide films, Particularly during the early stages of 

growth. A discussion on thin film optics and the several methods by which 

optical properties have been measured by various authors can be found in 

a book by Heavens (4). 

2. Optical Measurements 

A review of the application of ellipsometry to the investigation 

of surface films and film growth has been given by Neal (5) and need not 

be described in detail here. The basic equation for the instrument is: 

oy oe = tan » exp iA (1) 

where = and tS are the Fresnel coefficients for light with its electric 

vector parallel and perpendicular to the plane of incidence respectively. 

The two angles j and A are obtained from the instrument settings of the 

Polariser and analyser at extinction. The optical constants n and k for 

a film free surface were given by Ditchburn (6) in terms of the angles iy 

and A and the angle of incidence Ce 

; 1 n- Ke = sin? $ [ i+ tan* ¢ (cos?2 yo sin?2y sinA) /(1 + sin 2 cosh)” (2) o L ° 

2nk = (sin? Ds tane o sin 4) sinh)/(1 + sin 2p cosh)? (3) 

For a film.covered surface (see Figure 1) the Fresnel reflection coefficients 

are 

. 1 
ry -{ &o) 5 s (y)), exp > | fa > Go) p12), exp D t (4) 

with a similar expression for r° 

For anon absorbing film 

D=4 m™, (cos $) t/ 6 (5)



For an absorbing film: 

D= 471i nj, (cos $1) tA, (6) 

where AS is the radiation wavelength and t the film thickness. 

For a non absorbing film when ky = 0, which is the case for most oxides 

and hydroxides, in order to obtain both ny) and t it is necessary to know 

the optical constants (ny, k) of the underlying metal base. For a 

reactive metal such as aluminium it is difficult to measure n, and ky 
2 

in the absence of a film unless the surface film can be removed in U.H.V. 

by ion bombardment and the optical measurements also made in U.H.V. An 

alternative is to evaporate a thin film of the metal at a pressure of the 

order of fone torr and measure the optical properties before a film has 

had time to grow. Both these approaches have been used by the authors in 

the course of the present investigations with success but another technique 

has also been adopted and shown to be applicable. It could for example 

be used in circumstances where the alternatives mentioned above and 

which require U.H.V. equipment are not always available. 

3. Principle of the Method and Sample Preparation 

(1) A thick film of a non reactive metal such as gold (or platinum) is 

deposited on a glass substrate and the surface is characterised by 

the angles » and A determined from the instrument extinction settings. 

In a the optical constants can be computed from equation. (2) and 

(3). A film of aluminium is then superimposed on the gold film. 

The thickness of aluminium can be determined by an interference 

method suggested by Tolansky (7) with fringes of equal chromatic order 

using an interference Micronceces 

(2) The aluminium film is then exposed to the water vapour environment 

sufficiently long for all the aluminium to react to form aluminium 

hydroxide. This state is easily detected since the hydroxide film
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is non absorbing or nearly so in visible light (see later). 

(4) The changes in y and A (6) and 6A) from the gold surface due to the 

presence of the hydroxide film are measured. 

(5) The hydroxide film is then overlaid by a highly reflecting film of 

aluminium or silver and the hydroxide thickness determined by the 

interference microscope. 

4, Experimental Procedure 

Glass substrates which were cut from microscope slides were 

cleaned by immersing in 3% detergent solution in an ultrasonic bath, 

followed by repeated cleaning in distilled water in an ultrasonic bath. 

Finally the substrates were boiled in isopropyl alcohol and dried by 

withdrawing through the vapour. They were then mounted in a vacuum 

system above a tungsten boat from which gold was evaporated at a base 

pressure of 5 x 107? torr. After evaporation the gold films were removed. 

from the vacuum chamber and annealed at 100°C for 2 hours before 

ellipsometric readings were taken. 

The gold films were replaced in the vacuum system and aluminium 

films of various thicknesses were evaporated from a tungsten filament. 

During evaporation it was possible to hold the pressure to 2 x 10° torr, 

For each set of readings twe aluminium films of equal thickness were 

evanoraced simultaneously. One was used for ellipsometric tests and 

the other for thickness measurements. Fig. 2 shows cross sections through 

the substrates and film systems. Fig. 2.1. represents the arrangement 

used for the measurement of optical properties of gold. Fig. 2.2a shows 

‘the system which was used for the measurement of optical properties of 

Aluminium. Fig. 2.2b shows the system which was used for thickness 

measurement of Aluminium films.
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The specimen for ellipsometric tests was placed vertically in a 

humidity chamber at 70°C and 100% relative humidity. After the reaction 

was completed an aluminium hydroxide film was formed on the gold film, 

as shown in Figure 2.3. Fig. 2.4 shows the system which was used for 

the measurement of aluminium hydroxide film thickness. 

Details of the type of ellipsometer (with compensator) used in these 

investigations have been given elsewhere (8,9). A selection from the 

32 possible settingswas made in the manner described by McCrackin (10). 

Ellipsometric readings were made before and after Placing the specimens 

in the humidity chamber. A few stereoscan Photographs were also taken 

to determine the structure of the hydroxide films. The gold films, the 

aluminium overlay films and the hydroxide films were examined using a 

step scan x-ray diffractometer. 

5. Results 

Aluminium hydroxide film thicknesses were measured as indicated 

by interferometry. It was also possible to evaluate the thickness from 

ellipsometer readings since the films were on a gold base the optical 

constants (ny ,k,)0f which had previously been measured. By~using a 

value ny for the hydroxide film, values of » and A were computed for 

various hydroxide thicknesses on gold. A "best fit" was found for films 

of erie thicknesses. The increase in thickness from the aluminium 

metal to the complete hydroxide layer was also measured, Table 1 shows 

thicknesses of hydroxide measured by ellipsometry and by the interference 

microscope and the original metal film thickness measured by the inter- 

erence microscope together with changes in instrument parameters for 

increased thicknesses of aluminium hydroxide on gold.
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The instrument settings for the film free gold base, y and 4 were equal 

to 40.7%and 119. respectively at a wavelength of 546 nm giving n= 0.48 + 005 

  

k= 2.54 + 0.1 for the gold layer at an angle of incidence of 64. 

Table I 

  

Film No. 2. 2 3 4 5 6 7 8 
  

Thickness in n.m. of 
Aluminium film on 2a%3e | asta | 3273 | 39730 | 2.ot3e| 42.s¢30| 120.5t38| 127.238 _gold (Interferometry! 
  

Thickness in n.m. of 
Aluminium hydroxide | 33°58 |3975* |so%ss | satse 61 *s8| 6stsa | 16742.58| 178.5¢2.59 
film on gold 
(Interferometry) 
  

8y° changes due to 
hydroxide film 43.65 [45.95 |+7.72 | 48.34 149.14 49.44 71.35 71.56 
  

64 ° changes due 
to hydroxide film -21.18/-12.78| +7.98] +11.60|+36.69 | +52.42 | +42.74 +30.12 
  

Aluminium hydroxide 

  

                  thickness measured oe + + +, +, + ellipsometrically(n.n)| 24° s5-48 |6s-4e | 6e-48 | 175-28 | 185-28 
using n = 1.58 
Ratio of = 1.6 [2.7 12.6 | 2.6 | 2.5 1.5 1.4 1.4 
  

Fig. 3 a,b,c,4,e,£,g,h, show stereoscan photographs of Aluminium hydroxide 

  

on glass and gold, Examination of the specimens using a step scan x-ray 

digfractrometer, with Cobalt k, radiation showed that both the base gold 
films and the superimposed Aluminium films had a preferred orientation in 
the (111) direction. Examination of the Aluminium hydroxide showed a 
weak line at 28 = 184°. 

 



6. Discussion 

As has been pointed out in section 3 the ellipsometric measurements 
involve changes in the instrument parameters W and A due to the Presence 
of varying thicknesses of aluminium hydroxide on the gold base. the 
film free gold base yielded initial values of W and A which were sub- 
stituted into equations (2) and (3) to evaluate the optical constants 
njand k, for the surface, Using these computed constants, and a two 
layer Programme, values of the angles and A were computed for composite 
surfaces of varying aluminium hydroxide thicknesses on gold and an 
assumed value of refractive index for the hydroxide. 

Fig. (4) shows a plot of measured ~ and A for the eight Aluminium 
hydroxide’ films together with Computed values of w and A using various 
values of refraction index for Aluminum hydroxide assuming k= 

It can be seen from Fig. (4) that in all cases where ke O, a complete 
loop is formed in that when very thick films are measured W and A values 
repeat themselves. 

There are two samples (7 and a) for which the measured ellipsometric 
Parameters do not lie on any of the computed closed loops. Fig. (5) 
shows similar plots but in each case with a value of k= 0.0009 (i.e. a 
small absorption is assumed). It can now be seen that 7 and 8 lie on 
curves | with n ;Values between - 55 to 1.60 ana k,= 0.0009. This represents 
the best fit for Scken aluminium hydroxide films i.e. thicker than 
about 80 n.m When the optical Parameter ~ and A for films less than 
80 n.m. are ploted on the computed graph where k= O there is better 
agreement between the computed thickness and measured thickness by 

interferometry) + It would appear therefore that in these early stages 

of growth the optical constants for the hydroxide at a wavelength of 
546 nem. are n= 1.58 + 03 and k =O and for thicker films the constants are ' = 1
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given by ad 1,58 + .03 ana i 0.0009. It is also interesting to note 

that thicker films are more compact as can be seen in Table I(F). 

The optical constant of Aluminium hydroxide films, prepared under 

these conditions have not been reported in the literature. However, 

the optical constants of electropolished Aluminium, reacting with hot 

circulating water has been reported by Barrett (13) to be n= 1.60, 

k= oO. 

Alwitt (2) has shown that the reaction of water with Aluminium for 

. 
temperatures less than 90° produces an outer layer of bayerite crystals 

with an inner layer of pseudo bog}mite and the other forms of aluminium 

hydroxide are only produced at higher temperatures. 

  

As already mentioned the step scan X-Ray diffractrometer showed a 

weak line at 26 = 18.4° using Cobaltq radiation which we assumed to be 

pseudo boehmite since the aluminium hydroxide in this was formed at 70°C. 
  

The structure of aluminium hydroxide on glass and on gola films aaa 

be seen from Figs. 4a, b, e and f which are of thicker films and with 

magnifications 2.1K, 5.2K, 0.42K and 1.7K respectively. The micrographs 

b and £ show the porous nature of the hydroxide. Micrographs c, d, g 

and h are of thinner aluminium hydroxide films on glass and gold and 

illustrate the island structure of early growth stages in all cases. 

The sensitivity of the method for determining the constants of the super- 

iapoaed°hyarostae layer depends on the relative optical constants of the 

base and film. It is ajso important. that the base material is non 

reactive and this was the reason for selecting gold in this work. 

However values have been computed for four base materials and the 

esntes are illustrated in Figure 6. A glass substrate is least sensitive, 

followed by gold, tantalum and platinum. Although an oxide layer of 

the order of 1 n.m. forms on tantalum when exposed to the atmosphere
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(Aguado-Bombin and Nea?) it could be employed as a base since it has 

been shown by Kucirek and Metmedne that in many cases of film growth on 

metals it is possible to use pseudo constants for a surface prior to sub- 

sequent film growth subject to certain limitations. 
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ELLIPSOMETRIC OBSERVATIONS OF ALL 

  

INIUM HYDROXIDE FILMS GROWN IN 

  

WATER VAPOR 

W.E.J.Neal and A.S.Rehal 

The University of Aston in Birmingham, 
Gosta Green, 
Birmingham, Bh 7ET, United Kingdom. 

The paper describes ellipsometric investigations of aluminium hydroxide films grown on aluminium surfaces which have been exposed to water vapor. The types of samples used for the investigations have been:- 

i. Commercial aluminium sheet which had been etched by 
Argon ions and exposed to water vapor in a vacuum system at 25 °C. 
2. As supplied commercial aluminiun sheet which had been chemically or mechanically cleaned and exposed to satur- ated water vapor at 70 °C, 
3. Freshly deposited films exposed to water vapor in a vacuum system at 25 °c, Fi 

   

The optical constants for aluminium hydroxide at a@ wavelength of 549 mum for films up to 65 nm thick were found to be n = 1.55 to 1.60, k = 0. 

For hydroxide films which were grown on gold 
surfaces (by depositing aluminium films on gold and 
then exposing to saturated water vapor at 70 °C) the 
best values of optical constants were found to be:- 

0 for films < 80 nm thick 
ny = 1,5840.03, ky 

= 1.58 0.0009 for films > 80 nm thick 
Dy i 

w
u
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orros properties of corrosion layers of hydroxides or € therefore of interest to workers in many branches of science and engineer- ing. Tronstad- was one of the earliest workers to study the growth of corrosion layers on materials by ellipsometry. Following his pigneering work the technique has been employed by many authors 233,439 in conjunction with oxidation and corrosion studies. 

The work reported here forms part of a programme of invest- igation using the combined techniques of ESCA (XPS) electron microscopy and ellipsometry to Study the composition, optical and structural properties of films grown on aluminium and eluminiun alloys exposed to various environmental conditions. the optical properties of aluminium hydroxide films grown on pure aluminiun when exposed to saturated water vapour will be considered here, particularly in the early stages of growth. Alwitt® and Vedder and Vermilyea! have made extensive studies on the reaction of aluminium with weter (in the liquid phase). The reaction of aluminium with water at 70 % produces a duplex film consisting of pseudo-boehmite on aluminium oxyhydroxide, similar to boehmite (A100H) but containing more water, and bayerite (A1(0H).). Bayerite crystals take the form of pillars or cones and pseudo- boehmite appears as needles when viewed by transmission electron eS yy or platelets when viewed by scanning electron micro- scopy, 

There has been much less reported work on the reaction of aluminium with water vapour or the formation and structure of aluminium hydroxide films on aluminium formed at low exposures. Such studies require ultra high vacuum facilities and surface sensitive techniques and we have used the complementary techniques of ESCA with ellipsometry. In some instances it has also been possible to combine transmission electron microscopy (THM), 
Scanning transmission electron microscopy (STEM) and scanning electron microscopy using the JEOL 100C Temscan Instrument. It is possible with the instrument, to compare surface features with underlying microstructure for precisely located areas. 

OPTICAL MEASUREMENTS 

An outline of the technique of ellipsometry is included in a review on the "application of ellipsometry to surface films ana film growth" by Nea18, Essentially, in measurements on



   

    
      

surface opticul properties of a surfuce ure 
dufter the growth of the layer or 

film and + rticularly appropriute in studies of 
highly reflecting materiuls such as meta: in most circumstunces 
when an incident beam of plane polarized 1: ght is reflected from a 
metal surface the reflected beam is elliptically polarized. The 
two exceptions are when the electric vector of the incident 
radiation is vibrating parallel or perpendicular to the plane of 
incidence. In both cases the reflected light is then plane 
polarized with the same vibrational direction as in the incident 
beam and these directions are used as reference directions. The 
optical constants of a surface can be determined from the orient- 
ation of the ellipse with respect to the plane of incidence and 
the ratio of the major to minor axis. The presence of a thin 
iayer on the surface modifies the optical constants and in turn 
the characteristics of the elliptically polarized light in the 
reflected beam. 

  

        

        

  

  

  

  

The basic ellipsometer for measurements in the visible region 
of the spectrum is made up of the following basic components: 
1. - a filtered light source or monochromator, 2. - 4 polarizer 
comprising Polaroid, a Nicol or Glan Thomson prism to produce 
plane polarized Light, 3. - a specimen holder, 4. - a compensator, 
sometimes referred to as a quarter wave plate, to convert 
elliptically polarized light to plane polarized light, 5. - an 
analyzer, as in the polarizer, to detect plane polarized light, 
6. - a light detector. The optical components polarizer, 
compensator and analyzer are set for extinction when a surface is 
examined. In the present work a chopped light source was used in 
conjunction with a phase sensitive detector. For most of the 
investigation the radiation wavelength was kept at 549 mm. On 
occasions when a range of wavelengths was used the compensator was 
removed and the method of analyses due to Beattie and Conn” was 
used, 

The basic equation of the instrument is given by: 

rp/rs = tan y expiA (1) 

where r, and r, are reflection coefficients for light with electric 
vectors parallel and perpendicular to the plane of incidence 
respectively. The parameters » and A are obtained from instru- 
ment settings of polarizer and analyzer at extinction. The 
refractive index is written as n - ik and the optical constants 
nand k for a film free surface can be computed from and A and 

the angle of incidence $). The angles p and A can be used to 
characterise a surface. The parameters change with the growth of 
a@ surface layer and are indicative of changes in the characterist- 
ies af the elliptically polarized light, i.e. in the ratio of
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eS of 

pect to the plane of in 
the changes in and A. 

can be written: 

e and its orientation with 
In the ages of prowth 

© proportional to film thick. (t) and 
     De:      

    

v= p+ at (2) 

La
l + tw og w A = 

where y and A relate to a clean surface and y and A to a film 
covered surface. A and B are constants and depend on the optical 
constants of the film and base metal and on the angle of incidence. 
For films thicker than about 10 nm, more exact equations, derived 
by Drude? almost 100 years ago, and given by Ditchburnil in a 
suitable form for computation, must be used. Figure 1. 
illustrates reflections from an ideal film covered surface in 
which multiple reflections take place in the film. The phase of 
the reflected beam is thus dependent on film thickness. In the 
case of a non absorbing film in which k, = 0 on 4 substrate of 
known optical constants (np and kp) two unknown quantities n, and 

t for a surface film can be determined, In the case of films 
which absorb the electromagnetic radiation there is a basic 
difficulty in that three unknown quantities n,, k, and t need to 
be determined and only two instrument parameters (y and A) are 

measured. Several methods have been suggested to increase the 
number of instrument readings and these are discussed by McCrackin 
and Colson. 

Reflected Beam 

(Medium (0) 
| Air of Vacuum 

| 4 
  

Suitace Layer 

ny ik, 
| | Medium (1) 

  

Base Metal Medium (2) 
ny, ~ ik, 

Figure 1. Reflection and Transmission of Light by a Surface Layer.



UYDROXTDE GROWL ON ALUM 

  

Figure 2 shows a plot of computed variations in w and A as a layer of aluminium hydroxide (n, = 1.58, ky = 0) forms on aluminium for light of wavelength 549 nin (the angle of incidence = 64.20), 
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Figure 2, Aluminium Hydroxide Layer Growth on Aluminiun. 

Figure 3 shows the effect for a similar film on gold. For a non 
absorbing corrosion layer a closed loop is formed as the layer 
thickness increases in that the » and A values repeat themselves. 
For the growth of an absorbing layer a spiral would be formed. 
Even for non-absorbing films which is the case for most oxides 
and hydroxides, in order to obtain both nj, and t it is necessary 
to know the optical constants no and ko of the underlying base 
metal, i.e. the film free surface instrument readings » and A 
(equations (2) and (3) ) need to be know. In studies of 
corrosion layers particularly on reactive metals such as aluminium, 
problems are experienced in obtaining the characteristics of a 
film epee surface, Even in a vacuum system held at a pressure 
of 107° Pa layers form on a freshly evaporated film in a matter of 
minutes. his poses a problem when values of corrosion thick- 
nesses are required in the early stages of growth. Various 
approaches have been made to produce film free surfaces in order



to meuswre Ssubseyuent yvrowth of corrosion layers when exposed to 
different environments. +u some cases fresh surfaces have been 
prepared by evuporuting a metal in ultra high vacuuml3, 14, In 
other instances clean surface areas have been prepared by bombard- 
ing a corroded surface with positive argon ions to remove existing 
corrosion layers, prior to subsequent growth in a chosen 
environment. We have carried out this procedure for sheets of 
commercial aluminium. In addition we have used freshly evaporated 
aluminium films, on aluminium sheet. ‘The films were then exposed 
to an oxygen or water vapour environment. Ellipsometric observat- 
ion on fresh films or bombarded surfaces provides information 
from which ng and kp can be directly calcualted. We have also 
employed a procedure of using a non reactive metal such as gold 
or platinum on which to form a corrosion layer. ‘This enables the 
optical constants and thickness of corrosion layer growth to be 
determined without the need for optical masurements in an ultra 
high vacuum system. 

52 

p 46 

DEGREES 
4a 

42 

40 

  

38 
L 1 1 1 4 n J 

100 120 140, 160 180 200 220 
4 vecnees ——- 

7158 k=O nj 0.48 k= 254 d= 549A = 64,2° 

Figure 3. Aluminium Hydroxide Layer Growth on Gold.



CORROSION LAYERS CHOWN ON NON REACTIVE Me'TALS 

The procedure can be briefly described as follows: Thick 
films of e highly reflective, non reactive metal such as gold or 
platinum are deposited on substrates of glass, quartz or sapphire. 
The film forms the base and the optical constants np and ko for 
the base are determined ellipsometrically. The surface will be 
characterised by the instrument parameters Wg and As (correspond- 
ing to y and J of equations (2) and (3) ). A film of the 
reactive metal whose corrosive properties are to be examined is 
then superimposed on the non reactive base. Its thickness can be 
determined during deposition by a quartz crystal monitor or after 
deposition by an interference method suggested by Tolanskyl> using 
fringes of equal chromatic order. We used the latter method. ‘The 
reactive metal is then exposed to the appropriate environment and 
the corrosive reaction permitted to proceed until all the reactive 
metal has been converted to films of the corrosion material. The 
instrument parameters Wp and dp for the composite surface of base 
material plus corrosion films are determined. Since np and k. 
are known from values of Wg, 4g and $9 (the angle of incidence 
if the corrosion layer is non-absorbing both its refractive index 
n, and its thickness t can be determined. A check on the thickness 
of the corrosion layer can also be made by the Tolansk: method, 
In the case of absorbing layers it is necessary to determine the 
thickness independently of the ellipsometer if the refractive 
index of the layer is not known, as mentioned earlier. Measurement 
of the reactive metal thickness and the corrosion thickness 
enables volume changes from the metal to corrosion layer to be 
estimated, In the present investigations the base metal was 
gold and aluminium hydroxide films of various thicknesses were 
grown by exposing aluminium films (deposited vu: the yold) to water 
vepour at 70 °C, 

RESULTS AND DISCUSSION 

Aluminium Hydroxide Grown on Aluminium 

Table I shows the variation of y and A for a sample of 
commercial aluminium sheet which has been etched with Ar* ions. 
The radiation wavelength was 549 nm. 

Table I. Etching of ‘As Received Aluminium Sheet. 

A 123.41138.95(138.80|243.37/143.56 
¥ 39.9] . 42.89) 43.0 

Etch time (mins) 150 | 210 
The total oxide thickness on"as received"sheet was calculated to be 
20 nm. 

  

    



  

fuble If shows the vuriution of y and A for u sumple of 
uluminiun sheet which hud first been heuted at 350 o% 
+ in uly and then etched with Art ions. ‘fhe rudlation 

wavelength was 549 nn. 

  

Table II. Etching of Pre-heated Aluminium Sheet. 

4 115 .13|138.90]139.45 |1ho.09 |142..43/143.47 
v 37.2 | 42.85) 42.90] 42.86] 43.0 | 43.0 

Etch time 0 | 90 | 120 | 150} 210} 300 
(mins ) L 
  

The total oxide thickness prior to etching was calculated to be 
28 nm. 

In both cases the accelerating voltage was 4kV and the beam 
current 20uA. 

Table III shows the variations in p and A as the etched 
aluminium sheet (from Table II) was exposed to water vapour at 
25 °C. Values of hydroxide layer thickness calculated from 
ellipsometry and ESCA measurements are also given. 

Table III. Hydroxide Growth on Aluminium Sheet. 

y 4 Exposure Hydroxide Thickness nm 
(Langmuirs ) Ellipsometry | ESCA* 

43.0 143.47 oO 0 0 
43.1 142.92 10 0.52 Oo) 
43.25 | 142.78 30 0.66 0.56 
43.18 | 142.65 90 0.8 0.65 
43.18 | 142.40 | 200 1.06 0.69 
43.20 | 142.29 | 900 daly, 
43.20 | 1h1.9h | 22103 1.50 0.86 
43.25 | 141.77 | 7x103 1.70 1.01 
  

*These thicknesses were obtained assuming electron escape depths 
of 2.0 nm and 1.65 nm from pure aluminium and aluminiun hydroxide 
respectively. 

Table IV shows the variations in wy and A for hydroxide 
growth at 25 % on aluminium film which had been deposited on 
etched aluminium sheets with a system base pressure of 107° Pa.



uble IV. liydroxide Growth on Aluminium Fila. 

Vom A | Exposure Thickness nm 
| (Langmuirs ) Ellipsometry 

44.18 hh... 0 0 
4416 143.56 10 152 
4b 12 143,33 70 85 
44.25 | 142,96 300 2.12 
4h.26 | 142.77 103 2433 

6x103 1.62 hd 142.45 

  

From tables I and II it can be seen that it is possible to 
obtain values of and A, after etching which can be used to 
characterise a surface prior to subsequent tests. In some 
samples of sheet which were not previously heat treated differing 
values of ¥ could be obtained and was attributed to differences 
in surface structure. The rates of hydroxide growth on films and 
etclied surfaces in the early stages of growth were similar. 

A series of tests was also made on aluminium films and on 
commercial aluminium sheets which were either chemically or 
mechanically cleaned and then exposed to saturated water vapour 
at 70 °C for between 150 and 200 minutes. The average values 
of refractive index for aluminium hydroxide films up to 65 nm 
thick at a wavelength of 549 nm with k assumed to be zero were: 

Etched Sheet and Films n = 
Sheet (Chemically Cleaned) n 
Sheet (Mechanically Cleaned) n 

  

ALUMINIUM HYDROXIDE GROWN ON GOLD 

Figures 4 and 5 show computed variations in the values 
of y and A as films of differing refractive indices formed on 
@ gold surface. The experimental values found for films of 8 
different thicknesses are also given. The instrument settings for 
@ film free gold base were pg = 40.7° and dg = 119.69 at a 
radiation wavelength of 549 nm and an angle of incidence of Ghee. 
Values of the optical constants of the gold base were computed 
using the measured values of bg and dg and found to be Np = 0.48 
and kp = 2.54. The experimental points were obtained by exposing 
the aluminium films to saturated water vapour at 70 °C,
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Figure 4. The graph of ) against A for films of different refractive indices on a gold substrate. 

The values of Vp and 4», given in figures 4 ana 5, were then computed using a two layer programme and assumed values for the hydroxide optical constants. In all cases in figure (4) ky = O and a complete loop is formed and values of Vp and Ap repeat themselves for hydroxide films greater than 212 nm. 

The experimental points for two films (7 and 8) do not lie on any of the computed closed loops. Figure 5 shows similar plots but with an assumed slight absorption, with ky = 0.0009 in each case. 

The optical constants for aluminium hydroxide which best fit the experimental results for a wavelength of 549 nm are: 

For films < 80nm nj 
For films > 80nm nj 

1.5840.03, ky 
1.5840.03, ky 

0 
0.0009 

These results compare well with those obtained for growth on etched sheet and on fresh aluminiun films deposited on etched sheet.



  

  

Figure 5. The graph of y against A for films of different 
refractive indices on a gold substrate. 

In this work it was also found that the ratio of hydroxide 
layer thickness to metal thickness decreased from 1.6 for 
films 3 nm thick to 1.4 for films 18 nm thick. 

Values of optical constants for aluminium hydroxide which we 
have obtained from growth on aluminium films and sheet and on gold 
can be compared with films prepared by reacting electropolished 
aluminium with hot water and given by Barrett! as n = 1.60, 
k, = 0. As already mentioned the latter technique could be used 
with any non reactive base metal but gold and platinum would be 
preferable since with most other metals thin oxide layers would 
always be present. Computer calculations show that by using 
platinum (as the base) for the examination of aluminium hydroxide 
corrosion layers the’) sensitivity would be improved in the early 
stages of growth whilst the A sensitivity would not be greatly 
reduced. We have also examined aluminium hydroxide films 
prepared directly on glass substrates. In such cases No = ens) 
kp = O and the » and A sensitivities are greutly reduced. Figures 
6 and 7 are typicul scanning electron microscopy (SEM) micrographs 
of aluminium hydroxide grown on thick aluminium films which were 
deposited on gold and glass. The aluminium was exposed to



suturated water vupowr ut 70 %. The spongy nature and islund 
growth of the hydroxide films cun be seen. 

  
Figure 7. SEM Micrograph of Aluminium Hydroxide on Glass.



Figure 8 shows SUM micrographs of eluminiun hydroxide growth on 
aluminium sheet formed when the sheet was exposed to suturuted 
water vapour at 70 C. TVigure 8a was taken after 20 minutes 
exposure and shows islands of aluminium hydroxide with pillars of 
bayerite. Figure 8b was tuken after a 1 hour exposure and shows 
the joining together of islands to form a continuous hydroxide 
filn, Figures 8c and 6a are higher magnifications of an island. 
Figure 8c shows boehmite (island) together with bayerite pillars. 
Figure 84 is a micrograph taken in the reflective mode and shows 
the bayerite growing into the aluminium substrate. 

  
Figure 8. Hydroxide growth on aluminium sheet.



SUMMARY 

Two methods have been used for the optical ‘churacterisation 
of aluminium surfaces prior to the growth of uluminiun hydroxide 
layers by exposure to water vapour :— 

1. Freshly deposited aluminium films. 
2. Ion etched aluminium sheet. 

For films less than 65 nm thick and assuming no absorption the 
refractive index for aluminium hydroxide was found to lie between 
1.55 and 1.60 for a wavelength of 549 nm. 

Another method for determining the optical constants of hydroxide 
films was employed by depositing films of alwninium on gold and 
subsequently exposing them to water vapour. « The optical constants 
of aluminium hydroxide for a wavelength of 549 nm were found to be: 

0 
0.0009 

(a) For films < 60nm, ny 1.5840.03, ky 
(b) For films > 80nm, ny 1,5840.03, ky 

The latter technique has been shown to be a viable alternative in 
the determination of optical constants of corrosion layers of 
reactive metals when problems of surface characterisation exist 
and when optical measurements in ultra high vacuum systems are not 
possible. 

In addition to the work described, another part of the 
experimental programme has been to make measurements on oxide 
growth on aluminium in vacuo, and the investigations will be 
extended in the next phase to include oxide and hydroxide growth 
on aluminium alloys, again with the emphasis being on the early 
stages of growth. The investigations have been undertaken as 
part of a collaborative programme with the Alcan Research 
Laboratories, Banbury, U.K. 
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